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1. Blast vibration and seismology 
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1 BACKGROUND 

 

Across the world, pipelines are used to efficiently 

transport water, crude oil, natural gas, gasoline and 

diesel, refined petroleum products, liquefied     

natural gas, and other gaseous and liquid products 

over considerable distances. Pipelines are         

considered essential and critical lifeline facilities 

that are necessary for the safe and efficient     

transportation of energy between source fields and 

processing and storage facilities and the           

consumers that require the commodities they    

carry. According to the United States Department 

of Transportation Pipeline and Hazardous         

Materials Safety Administration (PHMSA), the 

United States had a land-based inventory in the 

end of year 2017 of 347,382 kilometres (215,853 

miles) of hazardous liquid and carbon dioxide 

pipelines, 3,578,072 kilometres (2,223,311 miles) 

of gas distribution pipelines, and 513,033          

kilometres (318,784 miles) of natural gas      

transmission and gathering systems. According to 

the Annual Report Mileage Summary Statistics 

generated by PHMSA, between 2016 and 2018, 

over 40,200 kilometres (25,000 miles) of new  

hazardous liquid pipelines, gas transmission, and 

gas mains were constructed (United States        

Department of Transportation Pipeline and      

Hazardous Materials Safety Administration 2019). 

To meet this year-end total for newly constructed 

pipeline, essentially 158 kilometres (98 miles) of 

new pipeline is being constructed each business 

day. In addition to new pipeline construction,     

existing ageing pipelines are being maintained,  

repaired, and replaced as well. 

   These  pipelines  are  required  to  safely  deliver  

Development of effective blasting limitations using direct stress 

monitoring of operating pipelines – a case study 
 
T. Davidsavor & D. Provost 
Barr Engineering Co., Duluth, Minnesota, USA 

 

 

 

 

 

 

 

 

 
ABSTRACT: Pipelines, structures, and mines are being constructed adjacent to existing pipelines, and in 

areas where the presence of rock necessitates excavation by blasting, many pipeline operators place very 

conservative and restrictive limitations on the ground vibrations that blasting may produce. Due to the  

existence of a limiting vibration standard, a test blast program was developed to evaluate the actual    

pipelines stresses to ensure that the blasting did not produce damaging stresses or pipeline stresses above 

regulatory or operational limits. Through a series of two test blast and two verification blasts, 30 strain 

gauges and nine seismographs were used to develop a relationship between the scaled distance, the      

recorded ground vibrations, and actual recorded pipe stress. The process allowed the pipeline operator to 

effectively complete the construction using a direct measurement methodology while demonstrating that 

the blasting could be done within company and regulatory stress limits. 
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energy and other liquid and gaseous products to 

consumers across geographies, economies, and  

uses. The environmental, safety, and economic 

consequences of a petroleum product pipeline 

product release are high. Product releases may be 

caused by several reasons such as corrosion,    

contact by excavation, weld failures, or fatigue. 

Blasting is also considered a specific construction 

activity that pipeline operators monitor closely to 

prevent potential damage. 

     As a result of the consequence of potential  

failure, owners operate their pipelines both within 

strict regulatory limits that govern the maximum 

stress that components of the pipeline may        

operate, as well as their own company limitations 

which may be more conservative. Pipeline      

companies monitor the integrity of their pipelines 

on a frequent basis to meet company and          

regulatory requirements to ensure safe and reliable 

operations. Pipeline integrity monitoring is       

performed with many tools that include, but are 

not limited to direct visual inspection, aerial     

survey, internal pipeline inspection gauge (PIG) 

runs, system performance monitoring, and routine 

physical evaluation by exposure and component 

testing. During these activities, coating condition, 

corrosion, depth of pipeline cover, and other     

factors that affect the safe operation of the pipeline 

are evaluated. With an ageing infrastructure, these 

integrity evaluations identify pipeline anomalies 

that are evaluated and prioritised for further       

investigation, maintenance, or ultimately       

abandonment or replacement. In either the case of 

new pipeline construction or pipeline          

maintenance, these actives may occur in areas 

where rock excavation by blasting is utilised to  

accomplish the new construction, repair, or     

pipeline maintenance. 

     During repair or construction activities,      

pipeline companies are tasked with the                

responsibility of maintaining pipeline integrity 

foremost to any activity that may cause any    

damage or compromise of their facilities. Specific 

challenges arise when an existing pipeline requires 

replacement near other pipelines or facilities due 

to various reasons that may include upgrading for 

increased throughput or efficiency, age and       

corrosion, welds that no longer meet operational 

requirements, damage caused by others through  

intentional or unintentional efforts, deepening of 

exposed or scoured pipelines at waterbody     

crossings, rerouting for site development, right of 

way (ROW) lease expirations, and various other 

reasons. In these cases, pipeline operators are     

often required to construct the pipeline in the     

existing pipeline corridor or ROW without         

acquiring additional properties. Occasionally, they 

are allowed additional property, but that property 

must be minimised. The resulting consequence is 

often a requirement to work very closely to the  

existing operating pipeline which may be their 

own, or another company’s asset. With a more 

challenging regulatory environment, pipeline    

operators are also often required to construct and 

operate within a pipeline corridor which may place 

their utility between or parallel to several other 

foreign pipelines.  

1.1 Existing vibration limitation 

 

Current pipeline rock blasting vibration limitations 

in the United States and Canada are established by 

and specific to the pipeline operator or owner. The 

current ground vibration limits imposed by the 

pipeline companies vary greatly with most         

encountered vibration limits being conservative: 

often only allowing 22 mm/sec to 100 mm/s (1.0 

in/sec to 4.0 in/sec) peak particle velocity PPV as 

measured at the surface with a triaxial geophone. 

Over the past 30 years, the vibration limits        

imposed on blasting have generally reduced from 

either an unlimited vibration requirement to 305 

mm/s (12 inches per second) to 100 to 200 mm/s 

(4 to 8 inches per second) to the current limits 

which may be much more restrictive. 

     This reduction in ground vibration limit is     

notable, as there has not been a known loss of 

pipeline integrity or documented damage directly 

caused by ground vibrations generated as a result 

of blasting activity. Although not documented   

accordingly or referenced directly to the standard, 

many pipeline blasting vibration limits mirror 

ground vibration limits established to prevent even 

cosmetic cracking to wall finishes in one and two 

storey brick or wood-framed homes. The research 

intent of the most cited study which was          

conducted by the United States Bureau of Mines – 

Report of Investigation 8507 is often the basis for 

this either indirectly or directly referenced          

vibration limit. The authors of RI 8507 clearly   

indicate the work was applied to residential    

structures and do not mention the applicability of 

the work to buried pipelines (Siskind 1983). 

     Most blasting ground vibration limits do not 

identify the rationale for the established limits and 

generally do not consider the pipeline condition, 

materials, pipeline operating pressure, or other 

variables that impart stress to the pipe. Often, a  

vibration limit for blasting is the same limit for a 

new heavy wall steel pipeline as is required for an 
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old, thinner wall pipeline with a lower steel yield 

strength. Over time, these vibration limits have 

been reduced from limits recommended by the US 

Bureau of Mines of up to 305 mm per second (12 

inches per second) PPV (Siskind 1994), to limits 

as low as 25 mm per second (1 inch per second) 

PPV. The result of these conservatively initiated 

limits have sometimes been lowered to the point 

where many pipeline contractors are forced to   

excavate rock with hydraulic hammers, rock 

trenchers, or other non-blasting means. The use of 

these techniques for rock excavation are not only 

costly, they are considerably more time            

consuming. Additionally, the duration of the rock 

excavation delays the in-service date of the     

pipeline and the associated noise and vibration of 

equipment working for several consecutive months 

often generates complaint and concern from the 

neighbourhoods around the construction. Finally, 

the vibrations generated by these rock excavation 

methods also produce vibrations of generally less 

intensity, at much lower and potentially more 

pipeline-responsive frequencies. 

     Although it has been well established and well 

documented that pipelines are quite resilient to   

intense ground vibrations as high as 500 mm/s (20 

inches per second) PPV (Siskind 1994), pipeline 

operators have elected to greatly limit the exposure 

of the pipelines to blasting. Whether this is done as 

a matter of basic conservativeness, referencing  

unintended limit sources, or because of limited 

available information existing about the          

company’s pipeline condition, the result has been 

a change from past practices for rock excavation. 

1.2 Challenges correlating ground vibration to 

pipeline stress 
 

Primary concern for blast associated pipeline  

damage has centred on pipe stress, ground         

disruption or block movement, and direct contact 

by drilling equipment. This paper focuses on the 

first concern of pipe stress. The fundamental   

challenge of correlating ground vibration to       

potential pipeline damage by overstressing the 

pipe depends on an assumption of many variables 

which are difficult to establish. Generally,       

pipelines are installed to a depth that results in the 

pipe being buried at a depth of at least 1 metre (3 

feet) below the ground surface. The result of this 

burial effect is that while the steel itself is much 

stiffer than the ground, and the pressurised steel 

pipe is even stiffer, the installed pipeline becomes 

quite effectively coupled with the ground.        

Subsequent ground motion caused by blasting    

results in both the ground and the pipe moving  

relatively closely together. At the ground surface, 

ground motions are nearly always greater than 

even at the pipe burial depth due to the boundary 

conditions affected by seismic wave reflection, 

surface wave effects, and lower soil densities,  

confining stresses, and seismic velocities. 

     Early researchers (Siskind 1994) established 

that vibration amplitudes of the buried pipelines 

were less than corresponding motion components 

measured by seismographs on the ground directly 

above. Siskind reports that there was a consistent 

and significant reduction of about 40 percent of 

the vibration PPV at a depth of only about 1 m (3 

feet), which is a common pipeline burial depth. 

Others established similar experiences and       

continue to report in even more recent research 

that the same results are observed (Aimone-Martin 

& Clah 2003). As a result, surface vibrations are 

conservative surrogates for vibrations at the pipe 

depth. 

     Due to the limited technology that was      

available for accurately and efficiently measuring 

and recording actual pipe stresses during blasting, 

the standard of measuring ground vibration with 

triaxial geophones at the ground surface above the 

pipe is generally the most common approach. 

Technology has become available to change this 

monitoring approach and allow relatively quick 

and efficient demonstration of pipe stress directly 

observed during blasting which allows more       

efficient and safe operation by both the contractor 

and the pipeline operator. 

     In the case of this study, the pipeline operator 

embraced the opportunity to directly observe  

pipeline stresses caused by ground vibrations from 

rock blasting near their operating pipeline. This 

work is a major first step in changing how pipeline 

companies evaluate potential damage from     

blasting. 
 

2 INSTRUMENTATION PLACEMENT 
 

The motivation for this case study was to evaluate 

the blasting induced stresses on two operating 

pipelines during near-field construction blasting. 

Pipeline A was a 560 mm diameter, X-46 pipe, 

with a specified minimum yield strength (SMYS) 

of 317 MPa and a wall thickness of 8.6 mm.   

Pipeline B was a 254 mm diameter, X-46 pipe, 

with the same SMYS and wall thickness as     

Pipeline A. The average depth of cover for      

Pipeline A and Pipeline B was 0.9 m and 0.3 m, 

respectively. The pipelines had been installed and 

operational for several decades. 

     The current state of practice to protect the      

integrity of buried pipelines during blasting is to 
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Figure 1. Strain gauge site layout. 

limit the peak particle velocity (PPV) measured at 

the ground surface. The most common instrument 

used to measure PPV is a triaxial geophone,    

seismograph that measures acceleration in the x, y, 

and z direction. These are typically installed at the 

ground surface directly above the buried pipeline. 

Unfortunately, many pipeline operators are using 

very conservative limits on the PPV measured at 

the ground surface to limit near-field blasting     

vibrations. 

     The aim of this study was to use additional    

instrumentation to directly measure strain on the 

operating pipelines to evaluate the additional stress 

imposed on the pipeline due to blasting              

vibrations. This study also measured ground      

vibrations using triaxial geophone to correlate 

measured strain in the pipe to the industry     

standard of measured vibrations at the ground    

surface directly above the pipe. 

 

3   STRAIN GAUGE APPLICATION 

 

In an effort to measure the induced blasting   

stresses in the existing pipelines due to blasting 

vibrations, strain gauges were installed on the 

pipelines to measure transient stresses during 

blasting operations. The strain gauges used for this 

project were bonded foil 90° t-rosette gauges. The 

gauges were installed on each side and top of each 

pipeline in three separate locations for Pipeline A 

and two locations for Pipeline B as shown in    

Figure 1. The 90° t-rosette gauges were chosen to 

measure the radial strain, hoop strain, and        

longitudinal strain in the pipelines at all locations. 

     Prior to installation of the strain gauges, the 

pipe coating was removed to bare steel. The      

removal of pipeline coating required specialised 

environmental and operation staff from the     

company. The gauges were then epoxied to the 

bare   steel.   The   gauges   were   covered   with  a 
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Figure 2. Typical strain gauge application sites. 

protective putty and the strain gauge locations 

were backfilled. Figure 2 shows a complete strain 

gauge installation on Pipeline A. 

 

4 SEISMOGRAPH PLACEMENT 

 

Instantel seismographs were used to measure 

ground vibrations during blasting operations. 

Seismographs were installed in the back fill       

approximately one foot above the crown of the 

pipe and at the ground surface at all of the strain 

gauge locations along Pipeline A. Seismographs 

were installed at the ground surface at the strain 

gauge locations along Pipeline B. One            

seismograph was installed near an existing     

structure at the project site and was used to assess 

the ground vibrations near the structure. 

     For Pipeline A, triaxial geophones were         

installed at two different depths above the strain 

gage instrumented portions of the pipeline.     

Generally, a geophone was installed one foot 

above the crown of the pipe during the backfilling 

operations. The second geophone was installed 

approximately one foot below the existing ground 

surface and backfilling was completed. The intent 

of the geophone installation was to compare the 

ground vibration measured at the depth of the 

pipeline and measured near the ground surface. 

Due to the shallow depth of cover at the Pipeline B 

locations, seismographs were only installed near 

the ground surface. 

 

5 DATA COLLECTION 

 

The data collection for this project consisted        

of two independent systems; one for recording       

vibrations from the seismographs and one for     

recording strain time histories from the strain 

gauges. Instantel Minimate Plus with wire       

triggers were used to measure the ground           

vibrations from the seismographs. The              

wire triggers were essential in recording              

all vibration data in the same time domain        

during blasting operations. Vibrations were    

measured using a sampling rate of 4,096 samples 

per second. 

     The strain gauge data was collected using a  

Micro-Measurements StrainSmart® Data          

Acquisition System. The system used had a    

built-in signal conditioner and simultaneous    

sampling on all channels. The strain gauges were 

sampled at a rate of 2048 samples per second to 

capture the strain in the pipelines due to the    

blasting vibrations. All strain records were       

recorded and stored on a field laptop connected to 

the data acquisition system (DAS). 
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Figure 3. 95% scaled distance vibration prediction from test blasting. 

 

6 FIELD TESTING 
 

The contractor mobilised and drilled a test blast 

pattern in the eastern test blast area. The test blast 

area was located approximately 33 metres (100 

feet east) of pipeline A. The test blast was initiated 

and included 21 holes drilled to a depth of 3.3   

metres (10 feet) and a maximum explosive charge 

of 2.1 kg (4.6 pounds) per 8 millisecond delay. 

Two explosive decks were installed in each drilled 

hole. A pattern consisting of three rows along the 

pipeline route and a staggered centre hole was 

evaluated for rock breaking performance. Barr 

recorded ground vibrations from Test Blast #1 at 

distances of 3.7, 4.9, 6.1, 7.6, 9.1, 15.2, and 30.5 

metres (12, 16, 20, 25, 30, 50, and 100 feet), as 

well as at a distance of 29.7 metres (97.5 feet) over 

pipeline A. All seismographs recording test blasts 

#1 and #2 were buried approximately 23 to 30 cm 

(9 to 12 inches) below ground. The test blast area 

was excavated by the contractor and determined to 

have performed sufficiently for continuation to 

Test Blast #2. 

     The contractor drilled a test blast pattern for 

Test Blast #2 in the eastern test blast area         

immediately south of Test Blast #1. The test blast 

was initiated and included 18 holes drilled to a 

depth of 3.3 metres (10 feet) and included a    

maximum explosive charge of 1.9 kg (4.2 pounds) 

of explosive per 8 millisecond delay. Two         

explosive decks were installed in each drilled hole. 

A pattern consisting of three rows along the    

pipeline route and a staggered centre hole was 

evaluated for rock breaking performance. Barr 

recorded ground vibrations from Test Blast #2 at 

distances of 4.6, 6.1, 7.6, 9.9, 13.3, 29.7, 30.5, and 

29.7 metres (15, 20, 25, 32.5, 43.5, and 97.5 feet). 

All seismographs were buried approximately at the 

similar previous depth of 23 to 30 cm for the      

establishment of a site characteristic vibration  

constant. The test blast area was subsequently   

excavated by the contractor and determined to 

have performed sufficiently for continuation to 

verification blasting. 

 

7 TEST BLASTING/SITE 

CHARACTERISATION 
 

The test blasting established that ground vibrations 

measured at distances similar to those distances 

expected during the verification blasting would be 

within ranges that were considered acceptable for 

management of risk to the pipelines. Figure 3  

provides a site regression with reasonable fit that 
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Figure 4. Verification blast #1 results. 

 

allowed the evaluation process to continue       

considering a 95% confidence interval. 

 

8 VERIFICATION BLASTING 

 

Once all strain gauges were connected and          

responding to the data acquisition system, the  

contractor drilled a test blast area which would be 

used for production blasting. Verification Blast #1 

was drilled immediately west of the strain gauges 

located over pipeline A in the north test             

excavation. Verification Blast #1 was initiated and 

included 39 production holes drilled to a depth of 

3.3 m (10 feet) and included a maximum explosive 

charge of 1.9 kg (4.2 pounds) of explosive        

detonation per 8 millisecond delay. 

     Two explosive decks were installed in each 

drilled hole. A pattern consisting of three rows 

along the pipeline route and a staggered centre 

hole was initiated. Barr recorded ground             

vibrations from Verification Blast #1 with 6   

seismographs over pipeline A at distances of 9.4 to 

10.7 metres (31 to 35 feet) from any drilled hole. 

Two seismographs were placed over pipeline B at 

distances of 12.2 and 16.0 metres (40 and 52.5 

feet) from the nearest drilled hole. Seismographs 

were buried 30 to 46 cm (12 to 18 inches) above 

pipeline A and 25 to 30 cm (10 to 12 inches)      

below the surface over pipeline A. Two          

seismographs were placed over pipeline B, one at 

each of the test excavations. Peak particle           

velocities over pipeline A ranged from 23 to 46 

mm/s (0.89 inches per second to 1.81 inches per 

second). Peak particle velocities over pipeline B 

ranged from 21 mm/s to 36 mm/s (0.82 inches per 

second to 1.41 inches per second). 

     Although the test blast did not heave in a     

portion of the test blast area, the test blast area was 

subsequently excavated by the contractor and     

determined to have performed sufficiently for  

continuation to Verification Blast #2. Figure 4 

provides a view of the area after Verification Blast 

#1 was conducted. 

     Verification Blast #2 was drilled immediately 

south of Verification Blast #1 and west of the 

strain gauges applied to the southern excavation of 

pipeline A and east of the strain gauges applied to 

the southern excavation of pipeline B. The       

contractor drilled the test blast pattern for         

Verification Blast #2 in the area as shown in    

Figure 5. The test blast was initiated and included 

61 holes drilled to a depth of 3.3 metres (10 feet) 

and included a maximum explosive charge of 2.0 

kg (4.5 pounds) of explosive per 8 millisecond   

delay along the edges of the excavation and 2.6 kg 

(5.8  pounds)   of  explosive  in  the  centre  of  the      
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Figure 5. Verification blast #2 drilling and loading. 

Figure 6. Verification blast #2 results. 

excavation. The additional explosive charge 

weight was increased due to a desire for improved 

breakage and a likely reduction in observed 

ground vibration as a result of better rock     

movement. 

     Two  explosive  decks  were  installed  in  each 
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Table 2. Recorded maximum strains on pipeline B. 
 

Verification 

Blast Test 

No. 

 

Scaled 

Distance 

(ft/lb1/2) 

Max Hoop 

Strain 

(μmm/mm) 

Max  

Longitudinal 

Strain 

(μmm/mm) 

Blasting 

Induced 

% of 

SMYS 

Operating 

Stress 

(MPa) 

Total 

Stress 

(MPa) 

Totals 

Stress 

% of 

SMYS 

PPV 

(mm/sec) 

1 
19.8 8 5 1.1 20.9 24.6 7.7 36.1 

25.9 9 3 1.1 20.9 24.3 7.7 20.8 

2 
33.4 21 21 3.8 20.9 33.1 10.4 11.2 

17 23 23 4.2 20.9 34.3 10.8 32.8 

 

Table 1. Recorded maximum strains on pipeline A. 
 

Verification 

Blast Test 

No. 

Scaled 

Distance 

(ft/lb1/2) 

Max Hoop 

Strain 

(μmm/mm) 

Max      

Longitudinal 

Strain 

(μmm/mm) 

Blasting 

Induced 

% of 

SMYS 

Operating 

Stress 

(MPa) 

Total 

Stress 

(MPa) 

Totals 

Stress 

% of 

SMYS 

PPV 

(mm/sec) 

1 

16.1 55 91 13.3 66.9 109.0 34.4 46.0 

15.3 47 41 8.1 66.9 92.5 29.2 28.7 

16.3 13 17 2.7 66.9 75.6 23.8 25.1 

2 

26.3 55 37 8.4 123.2 149.9 47.3 12.2 

18.6 33 76 10.0 123.2 154.9 48.9 36.3 

12.5 70 85 14.1 123.2 168.0 53.0 52.3 

 

drilled hole. A pattern consisting of five rows was 

initiated. Barr recorded ground vibrations from 

Verification Blast #2 with 6 seismographs over 

pipeline A at distances of 8.1 to 19.2 metres (26.5 

to 63 feet) from any drilled hole. Two             

seismographs were placed over pipeline B at     

distances of 14 to 24.5 metres (46 to 80.5 feet) 

from the nearest drilled hole. Seismographs were 

buried at depths of 30 to 46 cm (12 to 18 inches) 

above pipeline A and 25 to 30 cm (10 to 12    

inches) below the surface over pipeline A. Two 

seismographs were placed over pipeline B, one at 

each of the test excavations. 

     Peak particle velocities over pipeline A ranged 

from 12.2 to 52.3 mm/s (0.48 inches per second to 

2.06 inches per second). Peak particle velocities 

over pipeline B ranged from 10.9 to 32.6 mm/s 

(0.43 inches per second to 1.285 inches per      

second). 

     Verification Blast #2 was drilled and loaded to 

simulate the river crossing blast and was also a 

wider drilled pattern than normal due to the    

presence of a planned valve in the area. The shot 

heaved well as shown in Figure 6. 

9 STRAIN GAUGE ANALYSIS 
 

The strain in the pipeline was measured in two   

orthogonal directions, circumferential strain (εc) 

and longitudinal strain (εl). The biaxial stress-

strain relationships are given by the following 

(Siskind 1994): 

 

                             (1) 

 

                             (2) 

 
where, σc is the circumferential or hoop stress; σl 

is the longitudinal stress; E is the Young’s      

modulus of elasticity, and ν is the Poisson’s ratio. 

The hoop strain and the longitudinal strain were 

directly measured at each of the strain gauge      

locations and used to calculate hoop stress and 

longitudinal stress at each location. 

     For each of the instrumented locations, the 

maximum hoop strain and longitudinal strain were 

used to calculate the maximum stresses at the     
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Figure 7. Relationship between observed max PPV and scaled distance. 

instrumented locations. We understand that this is 

likely a conservative estimate of stress as the   

maximum strains in both directions likely does not 

occur in the same location on the pipe and at the 

same time. The maximum calculated hoop stress 

and longitudinal stress were then summed to get a 

combined equivalent stress that was induced due 

to blasting vibrations. This combined stress was 

then added to the operating stress of the pipeline to 

evaluate the overall stress in the pipelines. The   

results from the verification blasting for each  

pipeline can be found in Tables 1 and 2. 

     The pipeline operator had a blasting            

specification that limited ground vibrations to a 

PPV of 51 mm/s (2.0 in/sec) for near-field blasting 

operations. The results of the verification blasts 

showed that for the blasting explosive weights and 

pattern that was tested, the induced blasting  

stresses in the pipe remained well below the 18 to 

20% SMYS. Additionally, the PPV measured near 

the ground surface of the pipeline remained at or 

below 51 mm/s (2.0 in/sec). 

 

10 CORRELATION OF STRESS TO 

OBSERVED GROUND VIBRATION 

 

Seismographs are used to evaluate the ground    

vibration caused by blasting. A seismograph is a 

useful tool to evaluate whether the shot performed 

as designed and can aid in determining whether 

appropriate blast timing was achieved. The      

purpose of reviewing seismograph data is to       

establish a vibration threshold to provide to the 

blasting contractor and the pipeline operator to  

satisfy the conditions of the vibration limit        

variance provided by the pipeline company         

allowed specifically for this study. 

     At each pipe location where strain was     

measured and associated stresses were calculated, 

ground vibration data was recorded with            

geophones that were buried in the pipe backfill. 

The geophones were buried to record the ground 

motion history during blasting. Since the pipe is 

fully constrained by the ground, effectively     

coupling the geophone to the ground serves as a 

surrogate for mounting a seismograph onto the 

pipe surface. The seismographs, through           

calculation, are able to provide a history               

of ground displacement, acceleration, and         

particle velocity. Particle velocity is commonly 

used as an evaluation reference for blast              

related ground vibration intensity. Figure 7      

provides the relationship between measured     

peak particle velocity and scaled distance, SD,      

a factor calculated as the distance from the        

explosive to the point of vibration measurement 

divided by the square root of the explosive  

weight. 
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     With the prediction provided by the site         

regression, the particle velocity of vibration  

measured any distance away from the blast can be 

predicted. To establish a higher threshold of     

confidence, the same data is reviewed with a 95% 

confidence interval in Figure 3, and in theory, only 

one in twenty blasts would exceed this predicted 

relationship. The 95% confidence interval predicts 

that for a scaled distance of 12.0 ft/lb-1/2 the     

anticipated peak particle velocity measured at a 

seismograph buried in the ground and well      

coupled to the earth surrounding the pipe could be 

as high as 163 mm (6.4 inches per second). The 

average prediction indicates the peak particle     

velocity would be on the order of 84 mm/s (3.3 

inches per second), and this value was similar to 

the values observed in both Verification Blast #1 

and Verification Blast #2. 

     To exceed 20% SYMS on X42 pipe, a scaled 

distance of 9.0 would likely yield an average 

ground vibration on the order of 121 mm/s (4.75 

inches per second) at 50% confidence and 236 

mm/s (9.3 inches per second) at 95% confidence. 

     For the purposes of this study, we                

recommended that ground vibrations be measured 

by fully coupled, buried geophones as defined by 

the ISEE Field Practice Guidelines (International 

Society of Explosives Engineers 2015), placed   

directly over pipeline A should not routinely      

exceed 127 mm/s (5.0 inches per second). If    

blasting activity exceeds 121 mm/s (4.75 inches 

per second), the engineer should be consulted to 

review the seismograph records. If the recorded 

peak particle velocity exceeds 165 mm/s (6.5 

inches per second) as recorded by buried           

geophones, blasting should be suspended and a  

revised blasting approach reviewed and approved 

before proceeding. If vibrations are recoded that 

exceed 229 mm/s (9 inches per second), there is a 

small chance that the pipe has been overstressed 

and all activities should cease until further       

evaluation of the blasting activities, pipeline       

integrity, and continued construction approach. 

 

11 CONCLUSIONS 
 

The work performed and evaluated demonstrates 

that through the use of strain gauges and triaxial 

geophones, a relationship establishing the actual 

pipe stresses can be developed. The use of modern 

strain gauges and data acquisition systems coupled 

with effective engineering and evaluation tools can 

allow relatively fast evaluation of pipeline stresses. 

     As a result, blasting can be effectively        

monitored and be safely performed in relatively 

close proximity to operating pipelines. The use of 

strain gauges allows not only a clear            

demonstration to regulators what actual pipe 

stresses are, it allows the pipeline operator a tool 

to allow more efficient and effective construction 

where rock blasting is necessitated in a timelier 

manner than previously available. 

     The study further demonstrates that relatively 

high PPV limits may be allowed if the pipeline  

operator establishes physical parameters for the 

pipeline by performing regular integrity          

evaluations. 
 

REFERENCES 
 

Aimone-Martin, C. & Clah, E. 2003. Response of 

a high-pressure natural gas pipeline to coal 

mine blasts. Cleveland: International Society 

of Explosives Engineers. 

 

American Petroleum Institute 2016. Pipelines 101 

- Why do we need pipelines? Retrieved from 

Pipelines 101: https://pipeline101.com/why-

do-we-need-pipelines. 

 

American Society of Mechanical Engineers 2012. 

Pipeline transportation systems for liquids and 

slurries, B31.4-2012, American Society of 

Mechanical Engineers. 

 

Esparza, E.D. 1991. Pipeline response to blasting 

in rock. Southwest Research Institute PR-15-

712. 

 

International Society of Explosives Engineers 

1998. Blaster’s Handbook, 17th edition. 

Cleveland, International Society of Explosives 

Engineers.  

 

International Society of Explosives Engineers 

2015. ISEE Field practice guidelines for  

blasting seismographs 2015. Cleveland:       

International Society of Explosives Engineers. 

 

Siskind, D.E., Stagg, M.S., Kopp, J.W., &     

Dowding, C.H. 1983. Structure response and 

damage produced by ground vibration from 

surface mining - Report of investigation 8507. 

Washington, D.C., United States Department 

of Interior Bureau of Mines. 

 

Siskind, D.E., Stagg, M.S., Wiegand, J.E. & 

Schulz, D.L. 1994. Surface mine blasting near 

pressurised transmission pipelines - Report of 

investigation 9523. Washington, D.C., United 

States Department of the Interior Bureau of 

Mines. 



 

 

- 14 - 

 

United States Department of Transportation    

Pipeline and Hazardous Materials Safety   

Administration 2019. Annual Report Mileage 

Summary Statistics. 17 April 2019. Retrieved 

from Pipeline and Hazardous Materials Safety 

Administration at: 

 https://cms.phmsa.dot.gov/data-and-statistics/ 

pipeline/annual-report-mileage-summary-

statistics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://cms.phmsa.dot.gov/data-and-statistics/


 

 

- 15 - 

1 INTRODUCTION 
 

Drilling and blasting (d&b) accounts for the vast 

majority of worldwide mining production. It is 

still, by far, the most economic rock fragmentation 

method, easy to use and applicable in any          

geological environment. However, d&b is          

associated with a range of environmental side     

effects, which must not be underestimated. These 

side effects range from noise, air shock, fly rock 

and de-gassing to ground vibrations. Especially in 

a European context, where mining operations are 

in many cases situated close to villages or         

sensitive infrastructure. Such proximity              

necessitates increased care. The mining operators 

not only technically want to guarantee that the  

surrounding infrastructure remains intact but also 

socially want to maintain good relations with their 

neighbours. Preventing any disturbance of their 

quality of living is therefore considered as an    

important goal. 

     In this context, blast vibrations must remain 

within certain boundaries of peak particle velocity 

(ppv) and frequency. Historically, several         

empirical formulae have been developed to predict 

blast vibrations at certain target points (Agrawal & 

Holistic analysis of the influence of vibration-optimised blasting 

patterns on the performance of a hard rock mine 
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ABSTRACT: Erzberg is the largest open pit metal mine in central Europe with a total annual production 

of approximately 12 million tons. An effort is taken to optimise the blasting pattern in order to mitigate 

environmental side effects, i.e. vibrations. This is done by optimising blasting arrays with the help of    

geophysical pre-recognition and improved vibration forecast models, enabling the mine to specifically  

design the blasts in a way to lower vibrations at specific targets. This paper analyses the influence of    

upstream conditions and links them to the consequences of the optimised blasting patterns on downstream 

processes. The geological conditions will be linked with the blasting pattern and explosives used. A  

semi-automated system for assessing the loadability of the muckpiles was installed, enabling the        

evaluation of different shape, grain size, and other geometrical conditions of the muckpile, linking them 

with geological and environmental factors. This provides a holistic view on the entire process. We will 

analyse these parameters and derive conclusions on the key performance indicators (KPI). of the mine, 

such as mucking time, energy consumption in the crusher, and quality control. 

 

 

 

 

 

 

 

 

 

Helsinki Conference Proceedings 2019, R. Holmberg et al 
© 2019 European Federation of Explosives Engineers, ISBN 978-0-9550290-6-6  



 

 

- 16 - 

Figure 1. Seismic array at Erzberg. 

 

Mishra 2019, Kumar et al. 2016, Saadat et al. 

2014). A new approach is currently under        

consideration in the SLIM-project funded by the 

European Union’s H2020 programme. Here, a   

velocity model of the mines is generated, building 

the basis for much better prediction models, based 

on geophysical methods and simulations. This    

allows for very detailed blast design, based on the 

geology and position of the specific blast. With 

that, we hope to reduce the ppv at sensitive targets 

dramatically. The flipside of these improved    

possibilities for blast design is whether they are 

technically or economically feasible; i.e. if the   

vibration-optimised blast patterns contradict the 

economic performance of the mine by changing 

the grain-size distribution of the muckpile to an 

undesired extent. 

     The quality of a blast can be assessed in many 

different ways. Every mine will have their own 

definitions of the quality. It can range from a     

reduced powder factor, to more precise grain size 

distributions to optimised environmental side      

effects (Workman & Eloranta 2003, Sanchidrián et 

al. 2011). In the context of this publication, a 

‘good’ blast is one with reduced ppv at certain  

target areas, in combination with desired economic 

performance of the mine. Hence, the goal of the 

evaluation can be summarised in a range of KPIs. 

These have been established in order to get an 

overview of the parameters that can be influenced 
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Figure 2. From right to left - geophone with a data logging module and battery pack. 

 

Figure 3. Ray paths, dots represent all shots. 

meaningfully by changing the blasting layout, or 

influence the blasting layout. The KPIs include  

data about the existing face and its geotechnical 

structure (i.e. joints), data about the blast geometry 

(burden, spacing, delay times), and, most          

important, data about the shape and grain size   

distribution of the muckpile, loadability of the 

muckpile and finally energy consumption in the 

crusher. We want to test the hypothesis that a 

change in blasting geometry has an influence on 

the characteristics of the muckpile; that this      

subsequently influences the ease of loading the 

material and furthermore also results in             

significantly altered energy consumption. 

     For achieving this goal, this paper will           

investigate an approach to gather a conclusive    

dataset from all parameters relevant for the blast, 

leading to conclusions about the influence of the 

blast design on downstream processes, like     

loading, hauling and crushing. 

 
2 METHODS 
 

2.1 Geophysical site characterisation and      

subsurface model 
 

125 seismic 3-C stations were deployed over a   

period of several weeks to record 21 seismic shots 

and 10 production blasts. Figure 1 shows the      

receivers and shots used in this experiment.     

Production shots in the quarry consist of 5 to 28 

blast holes with a total of 2-7 t explosives, and are 

generally of high quality regarding the signal-to-

noise-ratio (SNR) at the recording stations.    

Seismic shots are more equally distributed over the 

area and consist of one blast hole with a charge of 

2.3 kg. Initial tests with smaller charges showed 

poor SNR, and the finally selected charge was 

constrained to the available drilling equipment and 

limited permitting outside the quarry. 

     Each installed instrumentation unit consisted of 

a geophone, a data logging module and a battery 

pack (see Figure 2). 

     From the P-wave travel-times, we estimate the 

P-wave velocity distribution with a deterministic 
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Figure 4. P-wave velocity starting model. For location see Figure 1. 

inverse algorithm. Figure 3 shows a map of the   

P-wave ray-path coverage computed in the      

starting model (Figure 4). The velocity near the 

surface   (~ 4 km/s) and the vertical gradient (1 s-1) 

conform well to the average observed apparent   

velocities. 

     Using several inversion steps one can compute 

a viable P-wave velocity model from this starting 

model. Using empirical relationships one can     

estimate the S-wave velocity model from the       

P-wave velocity model. These models are the     

input for waveform modelling, which is            

subsequently used in engineering improved    

blasting patterns for reducing the ppv at certain 

target areas. These results will be presented in later 

publications. 

 

2.2   Geological site information 
 

The geology of the blast areas, especially the     

geotechnical conditions are monitored very      

precisely. Several different measurements are used 

in order to assess starting situations. This            

information will include measurement while   

drilling (MWD) data from the drill rigs, combined 

with geotechnical mapping. Furthermore, the     

dataset includes 3D-images of the blasted area   

before and after blasting (the muckpile) and      

additionally after mucking to assess the exact   

volume and final shape of the benches, and the 

rough grain size distribution from an image   

recognition algorithm. 

 

2.3 Evaluation of blast results 
 

The mine currently extracts three different types of 

material quality: rich ore, medium ore and poor 

ore (Figure 5.). 

     The present loading cycle, which is observed in 

open pit operations, can be subdivided into       

varying loader work and in constant loader work, 

as illustrated in Figure 6. Varying loader work   

occurs from dumping the last bucket onto the  

truck (D4) till dumping the first bucket onto the 

next empty truck (D1). Usually, there is no truck 

waiting between these actions, unless the wheel 

loader is busy with other tasks, such as refuelling 

or maintenance, which take longer than this        

intermediate interval. 

     The loading cycle of the wheel loader begins as 

soon as the shovel is moved into the muckpile and 

fills the first shovel for the arriving or already 

waiting empty truck. This activity belongs to the 

varying activities, since this first filling occurs in 

the interval where the operator decides                

individually which activity to perform. Before or 

after the first filling of the bucket, the operator has 

various possibilities, as they are illustrated in   
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Figure 5. Operational areas with active rounds (schematic). 

Figure 5: 
 

- As alternative 1, the operator directly        

manoeuvres to the muckpile and starts filling 

the bucket. Then the filled bucket is kept on 

the muckpile and the operator waits till the 

next truck comes to his visibility so that he can 

position himself for spotting the truck. 
 

-  In alternative 2, the operator starts to prepare 

the muckpile for the next cycle by loosening 

the blasted rock, cleaning the floor, comminute 

or separate boulders to one side. Afterwards, 

the operator starts filling the bucket and waits, 

like in alternative 1, for the next truck. 
 

-  In alternative 3 the operator waits idle till the 

next empty truck comes to his visibility, from 

then he starts filling the bucket and positioning 

himself for spotting the truck. 
 

     The following filling and dumping operations, 

up to the complete loading of the truck (D1 till 

D4), are carried out continuously and without     

interruptions. As a rule, a truck is fully loaded with 

4 dumps. However, in some cases a fifth or even 

sixth loading cycle may be required to fully load 

the truck. A loading cycle ends as soon the truck is 

completely loaded, from then onwards it takes 

some time till the next truck is on site and ready to 

be filled. During this interval the operator has the 

possibility to perform several different                

actions, like cleaning the road, preparing the 

muckpile for further loading cycles, establishing 

safety measurements along the benches, or just 

waiting till the next truck arrives at the loading 

spot. 

     It must be mentioned, that although idle times 

without any preparation work, as in the case of just 

waiting for the next truck, are considered as not 

ideal, in many cases preparation after every     

loading cycle is simply not necessary, because    

either the material trickles down by itself or the 

floor is already cleaned up. Every operator usually 

has his own working habit, in terms of acting   

during the idle times, which is described above 

under the term of ‘alternatives’. They even change 

their habits during their shift. Also, every quick  

inspection by mechanics or refuelling actions are 

happening in the irregular interval between D4 and 

the next dump. 

     In order to create comparability between the 

individual operators, only the effective dig time 

for assessing dig-ability can be taken into account. 

This means that the digging and manoeuvring time 

depends only on the operator’s skills and the    

spatial situation on the bench. 

2.3.1   Telemetry data – Truck 
 

In order to have an overview of the machines used 

in open pit mine as well as their transport routes, 

besides the already existing telemetry system 
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Figure 6. Loading sequence of 4 dumps onto truck. 

Figure 7. Crusher throughput. 
 

VHMS (Vehicle Monitoring System) by the loader 

manufacturer Komatsu, an additional customised 

system was implemented. This system uses      

passive monitoring to record all available            

information and transmits it in real time directly to 

the driver's cab (bunker filling levels, tyre       

pressure, tyre temperature) and to the control   

centre in the main building (position, loading, fuel 

gauge, status, etc.). This data is recorded around 

the clock at    intervals of 2 seconds and stored in a 

database. The information is extracted from the 

database manually. 

2.3.2     Telemetry data – Crusher 
 

Just as the telemetry data of the trucks is recorded 

at regular intervals, the entire crushing cycle is   

also recorded at 15 second intervals. There are 2 

primary crushers at the edge of the active mining 

area, which are loaded with ore, as already shown 

in Figure 5. Both crusher no. 2 and crusher no. 3 

are fed, whereby crusher no. 2 is preferred. These 

two crushers have a base load of approx. 25 KW 

and peak loads of up to approx. 250 KW, as     

visualised in Figure 7. If a truck load is dumped 

into the crusher before the load curve reaches the 

base load again, as marked in the circles, so-called 

multi dumps occur. A single crushing cycle can no 

longer be clearly defined here. For the single 

dumps, on the other hand, the curve falls back to 

the base load. The data records are manually      

extracted from the database for processing. 

 
3 RESULTS 
 

In our preliminary tests, set as basis for a large 

field campaign, two major influencing factors have 

been identified. These are the operators and the 

geometry of the bench. 

     Every operator has his personal preferences, his 

personal work motivation and conviction to be 

able to actively intervene in the loading process. 
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Figure 8. Digging times per operator for one digging event. 

 

The personal experience and the cognitive abilities 

of an operator to grasp in figures is extremely    

difficult and cannot be judged with pure statistical 

time evaluations. However, it turned out that some 

operators have a greater spread of digging times 

than others with smaller ranges. Figure gives an 

example of the variability of single loading events 

by operators. They differ largely with the median 

being in the range of 15-20 s per dig, and outliers 

far below and above these values. 

     Though these differences are discernible, the 

individual reasons for them are difficult to work 

out, as Filla (2011) tried to do. The reasons for 

these deviations were assumed to be the spatial 

availability and the character of the muckpile. 

These factors are, however, superordinated by the 

operational capabilities and experience of the     

respective operators. The muckpile composition, 

like the grain size analysis, was not yet recorded at 

the time of this work. 

     Although digging and manoeuvring processes 

directly follow each other, they are completely  

different in manner. Assuming that the muckpile is 

very favourable in its condition regarding the 

bucket penetration, which would result in a very 

short digging time. However, if the truck is badly 

positioned, which is caused by spotting by the 

wheel loader operator, the manoeuvring time can 

increase significantly. This can also happen if the 

spatial position for the muckpile attack requires 

long travelling distances. But if spotting is better 

in the next loading cycle, resulting in shorter 

manoeuvring times, two different manoeuvring 

times have been obtained for the same muckpile 

with the same attack point, leading to neither or a 

poor correlation. 

3.1 Influence of the spatial variability 
 

In the course of observing the loading process at 

the muckpile, the perception occurred that the  

spatial conditions had an influence on the   

loadability. Therefore, the muckpile was divided 

into 3 areas, as shown in Figure 9. The             

classification and assignment of the point of 

muckpile attack is subjective, whereby a source of 

error is introduced here. 

     It turned out that the position of the muckpile 

attack and the scooping duration are constantly 

changing. The loading times on the wall are   

slightly shorter, but as can be seen in Figure 10, 

the data here is too inconsistent to evaluate all 
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Figure 9. Geometrical muckpile situation. 
 

Figure 10. Overall average digging time per operator and point of muckpile attack. 

 

loading times equally. Where it is possible, as with 

4, 5, 13, 14 and 19 it can only be stated that the 

frontal and sideways loading times alternate      

depending on the operator. 

 

4 CONCLUSIONS & OUTLOOK 

 

In an extended field-campaign, we investigate the 

influence of different, vibration optimised blast 

geometries on downstream processes in a mine. 

The data-set includes information about the       

geology and geotechnics, MWD-data, drone 

flights for muckpile volume, loading and hauling 

parameters and crushing energy of the material. 

     We combine this data to get a broad picture of 

the overall process, with respect to identifying the 

major influences. In a first, preliminary campaign 

we concentrated on assessing the loading /    

mucking process in the mine. We found out that it 

contains high variability. The variability may be 

the result of different operator practices, shape and 

structure of the muckpile or geometry of the 

bench. In further tests it will be important to      

distinguish between these influences and provide 
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reasonable comparison, especially for assessing 

the ‘real’ influencing factors for the downstream 

KPIs. 
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1 INTRODUCTION 

 

In many fields of engineering, especially those   

related to mining and construction, problems      

related to vibrations are frequently presented. 

From the inconvenience caused by a blasting over 

the adjoining houses, to the collapse of complete 

structures, the problems associated with the    

transmission of vibrations across the ground are 

very wide. These vibrations can come from human 

actions such as blasting, heavy machinery transit, 

etc. or be produced by the terrestrial tectonic as 

with earthquakes. In any case, the ability to detect, 

quantify and predict, as far as possible, the      

condition that the vibrations can have on both  

human and natural structures is essential (Fidalgo-

Fernández 2018, Flores-Cordero 2018, Lorenzana-

García 2018). 

Quantification of damage caused by blast vibrations at  

medium frequencies 
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ABSTRACT: This research aims to establish the feasibility of a structural safety criterion based on the 

energy transported by the vibration which takes into account the entire frequency band of the wave. To 

this end, an experimental campaign has been developed at laboratory level, which will be completed with 

real-scale tests, new signal processing techniques and simulations. The laboratory campaign has focused 

on the behaviour of mortar samples or structural scaled elements (a frame with four pillars, bricks joined 

by mortar). Using a mechanical system that generates vibrations, the effect of different amplitudes, with 

50 Hz, has been tested. These frequencies, considered less dangerous in current regulations, have an    

important weight in many blast waves. Damage assessment has been carried out using techniques as      

ultrasound, observation or acoustic emission. Other fundamental parameter to generate damages is wave 

duration, which is not taken into account in many standards. 
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     Numerous authors have analysed the           

phenomena that affect the propagation of           

vibrations through the ground, especially focused 

on their possible effect on the surrounding areas 

and structures. In this respect it is worth          

mentioning the studies of Langefors (1973) and 

Dowding (1996). The first, analyses the vibrations 

generated by blasting and the second, the          

susceptibility of constructions to vibrations. 

     At present, the studies of possible effects of  

vibrations in urban environments no longer focus 

on those induced by blasting, but those generated 

by the railway and the AVE line (Galvín Barrera 

2007, Mallafré-Vilar 2015, Paneiro, Durão &  

Costa e Silva 2018). The effects by blasting are 

almost exclusively relegated to the open-pit     

mining activity and its possible effect on the     

surrounding population centres (García-Martín 

2014). 

     Different countries have established their own 

standards on extensive field research carried out 

over the years. This is the case of the Swiss    

standard SN 640 312, or the Spanish standard, 

UNE-22 381 93. They take into account various 

aspects of ground vibrations, for example,        

amplitude, maximum speed of the particle,       

frequency, acceleration, etc. These parameters are 

used either as a single criterion or combined. 

     The maximum particle velocity has               

traditionally been used in practice to measure blast 

damage to structures, but in this criterion, the 

waveform and the duration of dynamic loading are 

not taken into account (Álvarez-Fernández & 

González-Nicieza 2017, González-Nicieza et al. 

2014). Therefore, it is necessary to review and  

update these standards, because the analyses they 

offer are too simple and less complete than others 

that could be carried out given the large            

calculation capacity of modern programs and the 

availability of measuring equipment and data   

processing software. 

     In this line, in 2012, Álvarez-Vigil et al. (2012) 

use neural networks for predicting blasting      

propagation velocity and vibration frequency. 

More recently, Ragam & Nimaje (2018) analyse 

the behaviour of vibrations through neural       

networks. 

     However, there is still a need for greater 

knowledge of the affects that blasting causes on 

the structures and thus establish the feasibility of a 

structural safety criterion based on the energy 

transported by the vibration which takes into      

account the entire frequency band of the wave. 

With this objective, an experimental campaign has 

been developed at the laboratory level, which is 

being completed with a series of real-scale tests. 

 

2 METHODOLOGY 
 

Three kinds of lab tests were carried out: tests on 

mortar samples, tests with bricks joined with   

mortar and tests with a scaled simple structure (3D 

frame). The damage check was carried out using 

ultrasonic equipment and acoustic emission 

equipment. In this case it was tried to verify if the 

previous vibrations have weakened the analysed 

structures and due to this, acoustic emission    

phenomena are detected in lower load levels, 

which would indicate a lower resistance. 

     As for the applied vibrations, intensities greater 

than those of common blasting are used on the one 

hand and, on the other hand, intensities close to the 

usual blasting. Both are applied for short times 

representing punctual blasting and for longer times 

representing structures near mines or quarries that 

suffer these phenomena repeatedly over a longer 

period of time. The frequency of applied vibration 

was, in all cases, 50 Hz. 

      The methodology followed was similar for all 

kinds of tests: 
 

− Taking measurements with ultrasound      

 equipment. The objectives are to identify the 

 presence of possible discontinuities in the 

 structure to inspect both in the surface as      

 inside, and measure the pattern with the end of 

 detecting changes in the element after          

 vibrating. 
 

− Induction of vibrations. Different types of    

 vibrations are generated and simulated using a 

 vibratory plate. 
 

− New measurement taking with ultrasound  

 equipment. 
 

− Load test in a universal press with acoustic 

 emission control. 
 

      In addition, for each type of structure, a pattern 

not subject to vibrations is available. It serves as a 

reference (white sample) for the results of the    

vibrated ones. 

 

3 LABORATORY TEST RESULTS 

 

3.1 Tests on mortar samples 
 

In order to establish the influence on the strength 

of fresh mortar of the duration of dynamic loads, a 
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Figure 1. Acoustic emission during a test. 
 

Figure 2. Damage beginning as function of mortar age and duration of vibration. 

 

serial of lab tests were developed. Using acoustic 

emission techniques, the load related with the    

beginning of damages was determined in samples 

of different ages. A vibration with an amplitude of 

0.6g`s and 50 Hz frequency was tested with       

different times of application (from 1 minute to ten 

minutes). 

     Acoustic emission analysis (Figure 1) detects 

the beginning of damage (microcracks generation) 

at a loading process (in this case Brazilian tests), 
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Figure 3. Bricks joined with mortar and compression test (pattern). 

 

Figure 4. Bricks, stress versus absolute energy. 
 

based on an energy liberation during cracks     

formation. 

     Tests results with mortar are shown in Figure 2, 

normalised to the values obtained with ‘white’ 

samples (samples not vibrated). The reduction on 

levels for damage beginning is clearly related to 

excitation time, showing a cumulative effect. 

 
3.2 Masonry structure joined by mortar 
 

The union of the bricks was carried out by means 

of a mortar with a 3:1 ratio (sieved sand:cement) 

(Figure 3). Initially, the pattern sample is analysed 

obtaining a tensile stress of 13 MPa. The break is 

total in the bricks, appearing a crack in the joint 

that unites them. 

     From the acoustic emission analysis (Figure 4), 

it can be seen that at 46% of the breaking load, in 

both bricks, events begin to be heard that indicate 

that the structure begins to suffer internal damages 

due to the pressure exerted by the press. But it is 

not until the 65% of the failure load when the    

absolute energy of the events is important and 

clearly indicates that the structure is beginning to 

suffer the consequences of the effort supported. 

     Once the pattern sample was analysed, three 

types of vibrations were induced using the          

vibratory plate: 
 

− 1 min with intensity of 1.5 g’s to simulate a 

 punctual blasting very near to the structure. 
 

− 5 min with intensity of 0.8g’s to simulate   

 several blasting along the time and get the     

 fatigue effect. 
 

− 10 min with intensity of 0.8g’s to simulate 

 continuous blasting in time and get the fatigue    

 effect too. 
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Table 1. Bricks, results from load test and acoustic emission test. 
 

Type of            

vibration 

Load test Acoustic emission test 

Breaking strain 

(MPa) 

Resistance vs pattern 

sample resistance 
Event start point 

1 min / 15 g’s 12.52 99% 79% 

5 min / 8g’s 7.88 61% 48% 

10 min / 8g’s 4.75 64% 19.4% 

 

Table 2. Bricks - results from ultrasound test. 
 

Type of             

vibration 

Ultrasound test 

Time before 

vibration 

(µs) 

Speed before 

vibration (m/s) 

Time after     

vibration (µs) 

Speed after   

vibration (m/s) 

1 min / 15 g’s 110 1681.8 234 790.6 

5 min / 8g’s 103 1796.1 159 1163.5 

10 min / 8g’s 122.7 1507.7 150 1233.3 

 

Figure 5. Rupture of the vibrated joint. 
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Figure 6. Load (N) versus chisel  
penetration (mm). 

 

Figure 7. Breakage of 3D frame. 

 

The results are shown in table 1 and 2. 

      From the results it is possible to say that: 
 

− At 1 min and 1.5·g's, internal damage is not 

 significant. 
 

− At 5 min and 0.8 g's the structure suffers       

 internal damage that makes it weaker. In      

 addition, these damages begin much earlier so, 

 although the vibration has been of a low       

 intensity, its duration subjects the structure to a 

 fatigue that generates damage. 
 

− At 10 min and 0.8 g's, the supported strength is 

the lowest of all the tests performed. So,     

subjecting the structures to fatigue, even if it is 

a low intensity of vibration, produces more 

damage than a high intensity for a short time. 
 

      The previous trials demonstrate the need to test 

the adhesion of the joint between bricks to verify 

and to be able to affirm that the vibration weakens 

it. 

      The adhesion was measured with a chisel type 

tool and a load press (Figure 5), before and after 

vibrating (Figure 6). In the test of the pattern  

sample, the joint withstands an effort of 3735.6 N, 

while the vibrated sample at 0.8 g's for 5 minutes 

resists 2869.6 N, that is, 23% less than the pattern. 

On the other hand, in the uniaxial compression test 

for the same vibration parameters, the vibrated 

bricks resist 39% less than the pattern bricks. 
 

 

3.3 3D frames 
 

In this case, a concrete frame with four pillars 

(with a dimension of 23 x 20 x 10 cm) was tested. 

As in the previous study, the union of the different 

elements is done with the same, 3:1 ratio, mortar. 
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Figure 8. 3D frame, stress versus absolute energy. 

 

Figure 9. Positions of the ultrasound probes. 

 

     The load test of the pattern frame (Figure 7) 

gave a breaking load of 2.86 MPa. The value of 

the resistance was very low, possibly because 

there are imperfections in the joints between      

pillars and beams. The failure was similar to that 

of the bricks, the joints were separated perfectly, 

but not all of them and, as expected, the pillars 

have     suffered cracks and multiple failures. 

     The acoustic emission (Figure 8) produces high 

absolute energy events from the first moment of 

the test, indicating press-frame accommodation. 

The structure begins to suffer internally at 22% of 

the breaking load. At 54% of the breaking load a 

high energy event is registered. It coincides with 

an imperfection in the slope of the strength graph. 

This may mean that it is the moment where       

significant damages begin to emerge. 

     The vibrations were induced for 3 minutes at an 
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Table 3. 3D frame, results from ultrasound test. 
 

 Time (µs) 

Before vibrating between 

superior corners 

83.6 

After vibrating between    

superior corners 

98.8 

Before vibrating between 

pillars 

214 

After vibrating between    

pillars 

215 

 

Figure 10. Structure of the model. 

 

intensity of 0.8 g's in order to reproduce several 

blasting in time. 

     The structure in the load press withstands a  

tension of 0.79 MPa, 72% less than the pattern 

frame. So, it can be affirmed that the structure has 

suffered very intense damages due to the vibration. 

The pillars began to suffer at 32.9% of the failure 

load, rather than in the pattern frame. 

     The measures of the ultrasound test have been 

in two different positions: between upper corners 

and between pillars (Figure 9). In this case only 

the flying time was determined, since there is not a 

real length which could be representative. 

     In the position between pillars, the difference 

before and after vibrating was not very              

representative (Table 3). However, in the position 

of the upper corners there was an increase in flying 

time after vibrating which implies that the          

vibration has produced a damage in the structure. 

Besides, the damage could have been in the joints.  

 

4 REAL-SCALE TESTS 
 

The first step was the design of the structure to 

model (Figure 10). This structure presents a      

rectangular floor formed by a foundation of four 

footings and one slab, all of them with their      

corresponding mesh. The contour has a dimension 

of 250 x 190 cm. A square pillar of 26 x 26 x 185 

cm departs from each footing. Between pillars a 

brick wall is available. One of the walls has a  

window while another has a door. Four beams 

separate the pillars at the top. Between these 

beams and the roof, perforated brick is available. 

The entire structure is perfectly joined by mortar 

and a layer of concrete is laid on the ground. 

     Currently, the structure has been sited close to 

the blasting area and the first tests have been  

managed. They have been measured important  

differences depending on the sensors position. For 

instance, in a recent blast two sensors were placed 

on the floor and two sensors on two beams. The 

sensors on the floor were not triggered, the ones 

on the beams detected accelerations around 19 

cm/s2. 

 

5 CONCLUSIONS 

 

The ultrasound tests do not provide illuminating 

results in this type of structure. The results of 

speeds obtained cannot be interpreted from a  

quantitative point of view, if not qualitatively in 

similar structures and geometries. Acoustic    

emission has demonstrated to be a good tool to  

detect early stages of damage. 

     Laboratory tests show that the cumulative      

effects of vibration (total time of cyclic loads) 

plays an important role in damage generation 

comparable to intensity of vibration. 

     In the bricks joined by a joint, the test in the 

load press has been consistent with the expected 

because the resistance of the vibrated bricks      

decreases between 30% and 65% depending on  

intensities and vibration times. These tests show 

that the structures subjected to fatigue resist   

much less and that the joint is a zone of great 

weakness. 

     The vibrations of the 3D frames produced    

significant internal damage. The load supported 

has decreased a 72% with respect the pattern 

frame. The joints have behaved in the same way as 

in the bricks separating completely in the vibrated 

gantry. 

     In situ, real scale tests show that the point of 

measure in structure is key because different       

elements can amplify the wave, even at low        

intensities. 
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Figure 11. Process of construction of the real-scale structure. 
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1 AIR-DECKING METHODOLOGY 

The main objective of the air-decking technique is 

to improve the explosive utilisation within 

blastholes to improve the rock fragmentation while 

reducing the ill effects of blasting such as ground 

vibration, airblast, flyrocks and sub-drill             

reduction. Explosive utilisation is achieved by  

distributing the explosive energy more evenly 

throughout the rock mass being blasted. 

 

2 AIR-DECKING THEORY 

 

As long ago as 1940, scientists came up with the 

idea that by using explosive charges spaced with 

air gaps the efficiency of the blast could be       

improved. Further research carried out during the 

1970s was confirmed by work in Australia and the 

USA. 

     When a charge is detonated in a blasthole the 

tremendous initial pressure greatly exceeds the 

strength of the rock. A strong shock wave begins 

to propagate into the rock, crushing and breaking it 

into extremely small particles. A large portion of 

the blast energy is spent unproductively in the area 

nearest the charge (the so-called ‘crush zone’) as 

the pressures produced by commercial explosives 

are far in excess of that required to simply fracture 

the rock. The pulverised region can often be      

observed in the area immediately around a half-

barrel hole in the face. 

     By introducing an air gap (air-deck) above or 

within the explosive column, secondary or       

multiple stress waves are produced which extend 

the duration of their action, thus increasing the   

extent of crack propagation. 

     The reduced blasthole pressure caused by the 

air-deck is still capable of creating an extended 

Reducing environmental impact of blasting operations whilst      

saving on operating and blasting costs 
 
H.J. Fourie & S. Uusitalo 
Penhine Blasting Pty Ltd, South Africa 
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Figure 1. Air-decking technique sending pulses into the rock formation in all directions. 
 

fracture system and there is enough high-pressure 

gas to obtain the desired amount of ground  

movement. The lower peak blasthole pressure    

reduces the loss of explosive energy associated 

with excessive crushing of the rock adjacent to the 

hole. This process adds only microseconds to the 

event and an observer would not notice anything 

different about the blast. 

 

3 AIR-DECKING TECHNIQUE 
 

The air-decking methodology proved to be very 

successful in mining operations globally, resulting 

in enormous cost saving on explosives and pit to 

plant operations. The methodology entails creating 

a void in the bottom of a blasthole by inserting an 

air-decking device to reach the bottom of the hole. 

When the initiation takes place, it allows the      

explosives energy to act repeatedly in pulses,     

instead of instantaneously. The void then acts as a 

regulator, sending pulses into the rock formation, 

in all directions (Figure 1), and not just upwards as 

per conventional blasting (Figure 2). Air-decking 

reduces the wastage of the explosive energy in  

excessive crushing and at the same time transfers 

the remaining explosive energy into rock      

breakage. The net result is, by using 1 metre less 

explosives per hole, the same or better result is 

achieved, confirming the ‘less is more’ principle. 

 

4 AIR-DECKING VOLUME 
 

The air-deck volume is expressed as a percentage 

(or proportion) of the explosive plus the air- 

decked volume. In effect, this is the amount of  

explosives that can be removed from the blasthole 

and substituted with air. As much as 30-40% of 

the explosive charge can be replaced by an        

air-deck before a significant deterioration in  

fragmentation is experienced. These results were 

produced from laboratory experiments and have 

been widely reported. Experience within the   

United Kingdom has confirmed that air-deck   

volumes of 25-30% can be employed in all rock 

types without noticeable loss of fragmentation. 

 

5 CREATING AIR-DECKS 

 

The earliest types of air-decking, i.e. gas bags, 

were no more than a development of a football 

bladder. They were simply lowered into the hole 

and inflated from the surface using a small     



 

 

- 37 - 

Figure 2. Conventional blasting sending pulses upwards. 

 

Figure 3. The Saver Plug. 

compressor or gas bottle. They could only be used 

near the top of the hole since they were not        

capable of sustaining more than the weight of 

stemming. Penhine believe that the Saver PlugTM 

is a design that is proven to be the most           

convenient and cost-effective way of creating an 

air-deck. 
 

6 SAVER PLUG 
 

The Saver Plug is a globally patented product 

making use of the air-decking method by creating 

a void in the bottom of the blast hole as described 

in sections 1, 2 & 3. 
 

6.1 Benefits 
 

The following benefits have been noticed in the 

global markets: Better control of the blast. Less 

vibration is produced. Lower noise levels. Less 

flyrock and rifling. Increased high wall stability. 

Better fragmentation. It further assists in          

preventing dilution of mineral and waste. 
 

6.2 Downstream savings 
 

With better fragmentation there is reduced wear on 
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Figure 4. Conventional blasting vs blasting using air-decking. 

 

Table 1. Examples of possible savings in open pit 

blast hole diameters, explosives savings only. Other 

benefits such as reduced drilling cost not included. 
 

Mm OD  

Kg per  

metre per 

hole @ € 

1.5 / Kg 

€ saving 

per hole 

89  7.20  10.8 

102  9.40  14.1 

115  12.00  18.0 

127  14.50  21.75 

165  24.50  36.75 

171  26.40  39.60 

191  32.60  48.90 

250  56.00  48.90 

280  70.00  105.00 

311  87.00  130.50 
 
 

 

load and haul equipment. The loading of blasted 

material is faster. 

 
6.3 Improved drilling processes 

 

Less sub-drilling is needed. Less re-drilling is 

needed. Less explosives are required to achieve 

the same or better result. Improved pit floor     

conditions and less toes. Blasting frequencies are 

increased. Plug can be used for demarcation. 

 
6.4 Blasting results 

 

The figures in figure 4 show the pressure curve   

using conventional blasting versus blasting with 

the air-decking technique. 

 

6.5 Cost Savings 

 

Some clients report an annual saving between 1.6 

million USD and 1.5 million Euro. 

 

6.5.1   Open pit blast hole diameters 

 

Savings on different hole diameters, maximum air 

decking of 1 metre and an assumption of the      

explosives density of 1.15 is shown in Table 1. 

The product cost is not deducted. 

 
6.5.2   Reduction in sub-drilling 

 

Further savings is calculated through the reduction 

in sub-drilling in less metres drilled and the saving 

on bits and drill rods. 

6.5.3     Improved fragmentation 

 

Improved fragmentation as described in point 6.2 

as per Figures 5 & 6. 

 

6.5.4  Improved floor control and high wall     

stability 
 

Improved floor condition as described in point 6.3 

as per Figures 7 & 8. 
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Figure 5. Improved crusher time. 
 

Figure 6. Improved fragmentation. 
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Figure 7. Better floor control. 

 

Figure 8. Improved high wall stability. 
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7     CONCLUSIONS 
 

The experience of users globally over the past five 

years has clearly demonstrated that there are     

significant cost savings in using air-deck         

techniques. The value chain continues past the 

point of ‘saving on explosives’. The cost saving on 

explosives and the reduction in vibration and 

fumes can immediately be measured, and          

contributes to the bottom line of a mine – a     

business. 
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1 INTRODUCTION 

The authors of this document were tasked with   

estimating the range of peak particle velocity 

(PPV) values that could be measured at a      

greenfield prefeasibility underground copper mine 

site (Subject Mine) in the United States.           

Historically, there are few published regression 

equations that can be used to predict peak particle 

velocity values from underground stoping mines. 

The equations that are available are given without 

much background information on blasting       

practices or do not provide upper-bound             

regression limits. They are typically only best fit 

lines. Upper-bound regression limits are important 

for near-field vibration prediction due to the     

variability of the regression accuracy at small 

scaled distances that are expected at the Subject 

Mine site (Rouse 2015). 

     Therefore, the authors were tasked with      

identifying underground stoping mines that could 

be used to prepare a global upper bound peak   

particle velocity regression line that could be     

applied to the Subject Mine. The authors         

identified underground stoping mining operations 

from multiple industries that use longhole stoping 

practices. This document presents the first set of 

data compiled by the authors. 

 

2 HISTORICAL REGRESSION EQUATIONS 

 

The study site is a greenfield site, so site-specific 

data that could be used to develop a site-specific 

square root scaled distance (SD) versus peak    

particle velocity (PPV) equation is not available. 

Therefore, the authors conducted a sensitivity 

analysis using five variations of the general SD – 

PPV equation (Equation 1 and Equation 2) that 

Surface blast vibration regression model for underground mines 
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mine. Literature reviews of published blasting documentation gave little information, data, or models on 

surface blast vibrations produced by underground mines. At the client’s request, the authors collected 

blast vibration data from underground operations and developed an underground-to-surface blast           

vibration regression equation. The authors worked with two underground metals mining operations to  

collect surface blast vibration data produced by heading blasts and stope blasts as the first part of this 
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were identified during a literature review. The   

only differences between the equations are the 

site-specific constants (k and b) and, in two    

equations, the inclusion of rock characteristics. 

The following subsections describe the details of 

each SD – PPV equation. 
 

                                          (1) 
 

                                              (2) 

 

     Equations in this form can be presented as a 

best-fit equation or an upper-bound equation. A 

best-fit equation is used to predict the average 

PPV that could be produced, while an upper-

bound equation is used to predict the maximum 

PPV value that could be produced. An upper-

bound vibration equation is developed by           

adjusting a best-fit equation by two or three   

standard deviations (95.5 or 99.7 percent,           

respectively). 

 

2.1 Tara mines equation 
 

The most applicable case study the authors found 

during the literature search details a study       

completed at Tara Mines, which is an underground 

zinc mine in Ireland (Durucan & Johnston 1994). 

This study was most applicable to the Subject 

Mine because the Tara operation was a metallic 

ore stoping mine with surface vibration data from 

blasts that occurred near to surface. The authors 

were unable to identify another study with         

geology, blast-to-structure distances, and blasting 

practices that could be more comparable to the 

Subject Mine. In Tara Mines, an initial study was 

performed in 1973 during mine development. That 

initial study produced a vibration prediction   

equation that enabled Tara Mines personnel to    

effectively maintain a good record of compliance 

with planning regulations. However, because of 

complaints from residents, a second study was 

commissioned in 1982 and 1983 to study the      

vibrations when blasting occurred 300 to 400 m 

below the surface. Equation 3, the result of that 

study, is a best-fit equation for predicting the site’s 

PPVs. 
 

             (3) 

 

     While the Tara Mines equation may not be 

completely relatable to the Subject Mine, this 

equation is the only potentially applicable       

equation from all of the researched case studies. 

The PPV prediction equation developed in the 

Tara Mines case study is potentially applicable to 

the Subject Mine because both sites include      

underground stoping blasts in metallic ore that  

occur near structures in the surrounding         

community. Stope sizes are relatively similar; Tara 

Mines had stopes approximately 35 m high and the 

subject project has designed stopes with blastholes 

up to 30 m long. 

     Negatively, some information remains          

unknown. Also, there are some differences         

between blast designs at the Tara Mines and the 

Subject Mine. The known differences in blast    

designs include the drill-hole diameter (64 mm at 

Tara Mines versus 114 mm at the Subject Mine) 

and the use of non-electric detonators at Tara 

Mines (electronic detonators in stopes at the    

Subject Mine). 

 

2.2 Construction regression equation 

 

The construction SD – PPV regression equation 

published in the International Society for          

Explosives Engineers (ISEE) Blaster’s Handbook 

was also used in this study due to the absence of 

underground mining vibration studies applicable to 

the Subject Mine (ISEE 2011). Construction      

operations typically monitor vibrations near    

structures with small distances between a blast and 

the monitoring location. Due to the high           

confinement and small scaled distance values in 

construction, this equation was deemed to be    

useful as an overly conservative check for the     

results of other equations used for the Subject 

Mine. Equation 4 is the construction SD – PPV 

equation published in the International Society for 

Explosive Engineers’ (ISEE’s) Blaster Handbook 

(ISEE 2011). 
 

               (4) 

 

     Equation 4 is an upper-bound vibration        

prediction equation applicable to the construction 

industry. Equation 4 estimates the highest          

potential vibration with a 90 percent confidence. 

 
2.3 Uniaxial compressive strength and geologic 

strength index equations 

 

The final prediction equations used for the Subject 

Mine were developed using ground vibration 

equations published in 23 studies (Kumar et al. 

2016). This study combined the results of the    

various studies, from both surface and               



 

 

- 45 - 

underground blasting, and the known geologic 

characteristics from the studies. The geologic 

characteristics include the uniaxial compressive 

strength (UCS [MPa]), the Geological Strength  

Index (GSI [unitless]), and specific weight 

(KN/m3). These prediction equations were         

developed to be used with a known specific weight 

and either a UCS or a GSI value obtained from the 

core sampling performed on a site. The prediction 

equation for the UCS values is shown in Equation 

5 while the prediction equation for the GSI values 

is listed as Equation 6. For these equations, γ    

represents the specific weight of the rock (KN/m3) 

and the SD (m/kg0.5) is metric. 
 

                                                                           (5) 

 

                                                                            (6) 

 

2.4 Cons of historical equations 

 

After review of the equations, the authors felt that 

there was not enough information published about 

each equation to confirm the applicability of the 

equations to the Subject Mine. Additionally, the 

Equations 3, 5 and 6 were best-fit equations. For 

this purposes of this study, upper-bound             

regression equations were required. Therefore, the 

authors were tasked with collecting data from   

underground metals operations and developing a 

new upper-bound regression equation. 

 
3 STUDY OVERVIEW 

 

The authors identified applicable underground 

metals mining operations that were willing to  

provide the authors with blast vibration results and 

blast design parameters. The three operations used 

in this study were diverse: one operation is an   

underground gold mine in Finland, the second   

operation is an underground Zinc mine in the 

United States, and the third operation is an        

underground Nickel mine in the United States.  

The three mines offered to provide blast             

parameters, such as blasthole locations, charging 

weight per blasthole, timing, and other                

information. They also provided the authors with 

seismograph location and vibration waveforms or 

allowed the authors to install seismographs to  

record blast vibrations. 

 

3.1 Subject Mine 
 

The prefeasibility mine that this study is intended 

to target is an underground copper mine. Mining 

will occur in mafic host rock with a density of 3.03 

g/cc. The mine will have a mixture of               

longitudinal and transverse longhole stoping.   

Typically, the longhole designs will be fanned 

with 114 mm diameter blastholes with hole  

lengths ranging from 4 to 30 m. Charge weights 

will range from 24 to 345 kg. The distance to the 

nearest residential structure from the shallowest 

stope will be 155 m. Using this information, the 

worst-case scaled distance for this mine is 8.4 

m/kg0.5. 

 

3.2 Mine #1 
 

Mine #1 is an underground gold mine in Finland. 

The operation mines gold ore from quartz veined 

diorite host rock. Typical density of the blasted 

rock is 2.8 g/cc. The blasting operations are      

typically longhole, narrow vein stoping. The holes 

are vertical, and sometimes fanned. Typical 

blastholes are 64 mm diameter. The blasting      

design is typically 0.5 to 0.6 kg/tonne powder   

factor. The authors compiled two sets of blasts 

from this mine. The charges ranged from 14 to 226 

kg per hole, distance to seismograph was 38 to 55 

m (seismographs were placed vertically above the 

blasts), and the scaled distance values ranged from 

2.5 to 10.8 m/kg0.5. The authors were able to use 

58 data points from the two blasts. This is the most 

accurate dataset because the reported charge 

weights were measured during loading and the  

distances are calculated from the seismograph, 

which was placed vertically above each blast, to 

each blasthole collar. 

 

3.3 Mine #2 
 

Mine #2 is an underground zinc mine in the    

United States. The operation is in Mississippi   

Valley-type deposits of breccias, limestones, and 

dolomites. Typical density of the blasted rock is 

3.13 g/cc. The represented blast operations are 

stoping operations. The fans are horizontally and 

vertically drilled longhole fans. The designed 

powder factor information is not available for this 

blast; however, the authors were given charging 

and timing information. The charge weights  

measured  during  loading  ranged  from 4.5 to 134 
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Figure 1. Data points from four blasts at three mining locations. 

 

 

Charge 

Weight (kg)

Distance 

(m)

PPV 

(mm/s)

Charge 

Weight 

(kg)

Distance 

(m)

PPV 

(mm/s)

Charge 

Weight 

(kg)

Distance 

(m)

PPV 

(mm/s)

41.8 51.0 24.3 28.4 417.7 0.7 139.5 278.4 0.8

74.7 51.0 42.7 28.4 417.7 0.6 140.9 278.4 1.0

41.8 47.0 20.5 28.4 417.7 0.4 139.5 278.4 1.2

83.2 47.0 50.7 28.4 417.7 0.6 142.7 278.4 1.7

46.6 49.0 37.9 28.4 417.7 0.4 142.7 278.4 1.3

83.0 49.0 68.5 28.4 417.7 0.2 141.8 277.9 1.3

109.7 47.0 55.0 28.4 417.7 0.7 140.5 279.0 1.8

85.5 47.0 52.6 28.4 417.7 0.5 144.5 277.9 2.7

45.3 45.0 35.5 22.7 417.7 0.8 140.5 277.9 1.6

97.2 45.0 49.5 11.4 417.7 0.7 141.8 279.0 2.1

58.4 38.0 25.2 15.9 417.7 1.0 142.7 279.0 1.5

108.2 38.0 49.8 45.5 417.7 1.2 180.9 278.4 1.5

57.5 38.0 27.9 13.6 417.7 0.9 140.9 277.4 1.8

66.6 38.0 71.5 25.0 417.7 0.9 182.3 278.4 1.7

227.0 38.0 58.7 15.9 417.7 1.2 179.1 279.0 1.3

114.0 38.0 122.6 18.2 417.7 1.2 140.0 279.8 0.6

13.8 40.0 7.9 18.2 417.7 1.3 178.6 279.0 0.8

25.1 40.0 9.1 12.5 417.7 0.6 145.5 277.4 0.5

34.1 38.0 6.0 11.4 417.7 0.6 180.9 277.9 1.0

84.0 38.0 8.3 20.5 417.7 1.7 131.8 279.8 0.9

45.8 38.0 7.7 22.7 417.7 0.9 128.2 279.8 0.9

53.1 38.0 8.1 4.5 417.7 0.5 182.7 277.4 1.2

108.2 38.0 14.0 55.7 417.7 0.8 181.8 277.4 1.8

53.1 38.0 7.2 77.3 417.7 3.8 127.3 280.4 2.1

57.1 55.0 16.5 42.0 417.7 2.1 129.5 280.6 2.4

56.3 51.0 16.3 20.5 417.7 2.3 186.8 275.0 4.0

67.6 49.0 20.2 75.0 417.7 1.4 190.6 274.6 2.1

61.5 49.0 21.9 76.1 417.7 1.9

61.5 54.0 19.4 61.4 417.7 3.0

78.0 54.0 21.7 59.1 417.7 1.7

63.0 52.0 23.8 117.0 417.7 3.1

64.1 52.0 24.5 75.0 417.7 2.5

69.1 52.0 22.6 60.2 417.7 3.7

67.6 51.0 30.4 56.8 417.7 2.4

138.5 51.0 41.5 87.5 417.7 1.9

67.1 49.0 14.3 83.0 417.7 2.2

117.2 49.0 23.6 59.1 417.7 3.2

65.6 49.0 12.2 80.7 417.7 1.5

133.3 49.0 21.5 90.9 417.7 1.0

66.5 44.0 38.7 63.6 417.7 2.1

63.7 44.0 27.4 71.6 417.7 5.0

70.9 44.0 26.8 58.0 417.7 2.9

58.7 43.0 36.9 98.9 417.7 1.8

62.1 43.0 30.3 62.5 417.7 1.8

50.2 43.0 29.6 45.5 417.7 1.5

58.1 43.0 37.2 63.6 417.7 3.4

61.1 43.0 44.0 134.1 417.7 2.7

51.1 43.0 56.7 65.9 417.7 3.5

62.1 43.0 33.9 37.5 417.7 1.1

58.1 43.0 30.2 43.2 417.7 1.8

51.1 43.0 8.3 51.1 417.7 3.5

35.1 41.0 24.8 51.1 417.7 2.1

30.1 41.0 13.8 52.3 417.7 2.2

35.1 41.0 4.8 56.8 417.7 2.3

28.1 41.0 11.7 65.9 417.7 2.4

22.0 41.0 10.3 12.5 417.7 1.5

27.1 41.0 28.7 73.9 417.7 1.8

24.1 41.0 9.3 36.4 417.7 2.2

92.0 417.7 0.9

38.6 417.7 0.6

15.9 417.7 0.8

14.8 417.7 1.8

4.5 417.7 1.0

27.3 417.7 0.7

40.9 417.7 0.7

19.3 417.7 0.5

MINE #1 MINE #3MINE #2
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Figure 2. Scaled distance versus vertical PPV of all data points and fit lines. 

 

kg per hole, distance to seismograph was 418 m 

(the authors used a single point for the blast        

location because it was located at distance from 

the seismograph), and the scaled distance values 

ranged from 36 to 196 m/kg0.5. The seismograph 

was placed vertically above the blast. The authors 

were able to use 66 data points from this blast. 

 

3.4 Mine #3 
 

Mine #3 is an underground nickel/copper mine in 

the United States. The mining occurs in part of an 

ultramafic intrusive rock system that hosts massive 

sulfide mineralisation and peridotite intrusions. 

The surface is composed of glacially-deposited 

sands, which appear to have affected the         

seismograph readings as discussed later in this 

document. Typical density of blasted rock at this 

site is 3.46 g/cc. The blast vibration data used in 

this study is produced by longhole stoping         

operations. For this blast, drillholes were drilled 

downward in fans of 5 holes. The charges ranged 

from 127 to 191 kg per hole, distance to         

seismograph was 183 to 184 m (the authors      

calculated the distance from each ring to the      

approximate location of the seismograph which 

was accurate to approximately 10 m horizontally), 

and the powder factors ranged from 13.2 to 16.3 

m/kg0.5. The seismograph was placed vertically 

above the blast. The authors were able to use 27 

data points from this blast. 

 

4 RESULTS 
 

The authors used 151 data points (Figure 1) from 

four blasts at three mining locations to calculate a 

SD – PPV regression equation for underground 

blast-induced vibrations on the surface above     

the blasting. The data was produced from        

electronically fired detonators, so the authors were 

able to compile significantly more data points 

from only four blasts than nonelectric detonators 

would have allowed. 

     The best-fit and upper-bound 95% confidence 

interval (approximately 2 standard deviations) are 

given below as Equations 7 and 8, respectively. 
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Table 1. Results from prediction equations at 345 kg charge weight. 
 

Equation 

Peak  

Particle 

Velocity 

at 155 m 

Peak  

Particle 

Velocity 

at 200 m 

Peak   

Particle 

Velocity at 

250 m 

Peak   

Particle 

Velocity at 

300 m 

Peak   

Particle 

Velocity 

at 350 m 

Peak   

Particle 

Velocity 

at 400 m 

Equation 3 
Best Fit, Tara Mines Case 

Study 

    112 75 52 39 31 25 

Equation 4 

Upper Bound (90%      

Confidence) Construction 
Equation 

58 39 27 20 16 13 

Equation 5 Best Fit, UCS Equation 49 33 24 18 15 12 

Equation 6 Best Fit, GSI Equation 54 37 27 21 16 13 

Equation 7 
Best Fit, Proposed      

Equation 
12     9     7     6     5     4 

Equation 8 

Upper Bound (95%      

Confidence) Proposed 
Equation 

    248     184     142     115 96 82 

Equation 9 
Upper Bound (68%      

Confidence) Proposed 
Equation 

57 42 33 26 22 19 

 

 

They can be seen with all data points in Figure 2. 
 

 (Best-Fit)            (7) 

 

 

(Upper-Bound 95% Confidence Interval)          (8) 
 

     The authors also created a maximum data     

envelope scaled distance equation (Equation 9 and 

Figure 2). This equation uses the same decay    

factor, but is the upper-bound one standard        

deviation trendline (approximately 68%           

confidence interval). The line appears close to the 

data points without allowing a data point to go 

above the line. This line may be more applicable 

for engineering applications, such as this project, 

as it defines a limit where none of the sample data 

exceeded. 
 

  

(Data Envelope 68% Confidence Interval)        (9) 
 

     Table 1 provides the predicted PPV values for 

the shortest structure-to-stope distance (155 m). 

The table also shows predicted amplitude values 

for 200 m distance away from the blast and at 50 

m increments until a 400 m distance from the blast 

is reached. 

     Equation 8, the upper bound 95% confidence 

interval equation, produced from the new dataset 

produced significantly higher values due to the 

low number of data points and high variability 

intrinsic in blast vibration scaled distance 

relationships. Equation 9, the 68% confidence 

interval equation, produced values closer to those 

expected from the equations found during the 

literature review. The authors deemed Equation 9 

as the best equation to use for the purposes of the 

author’s project. 

 

5 LIMITATIONS AND OTHER COMMENTS 

 

This type of study has a number of limitations that 

must be mentioned. First, scaled distance versus 

PPV relationships are extremely variable due to 

the variability in vibration attenuation, record 

keeping during blasting, and other internal 

variabilities that are characteristic of drill and 

blasting. For example, the authors chose to use 

vertical peak particle velocity values rather than 

the overall peak particle velocity values because 

the data from Mine #1 and Mine #2 had higher 

vertical values than transverse or longitudinal 

values. However, Mine #3 had higher transverse 

and longitudinal values at some times, but other 

times had higher vertical values. The study was 
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made simpler by only using vertical values. 

     The lower values produced at Mine #3 were 

likely due to the fact that the seismograph had to 

be placed in an area that had surface material made 

of glacially-deposited sand. The geophone was 

coupled in a relatively dry location that was higher 

than surrounding areas; however, the ground was 

loose (due to the sand), and in the surrounding 

areas, highly saturated. The surface ground at 

Mine #3 appeared to attenuate vibration 

waveforms differently than the other two mine 

sites because the seismogram showed lower 

frequency tales to the readings as well as reduced 

vertical amplitudes compared to the other two 

mine sites. 

     Due to the use of electronic detonators in all the 

stope blasts, the authors were able to obtain 

multiple scaled distance and peak particle velocity 

data points from a single seismogram. The authors 

matched delay times and charge weights with 

corresponding peaks in the seismogram. This 

approach worked surprisingly well considering the 

method is subjective; however, the assumption 

was made that vibrations from different charges 

did not interfere. In cases where interferrence was 

obvious, the data was not included in this analysis. 

There is potential for innaccuracies in the data 

when obtaining multiple particle velocity 

datapoints from single waveform which could 

have interference from other peaks caused by 

charges detonating within a short time window; 

however, the authors had to assume the data was 

reliable. 

     Finally, the authors used the best available data 

for this analysis. They were provided as-loaded 

charge weights for Mine #1 and #2. For Mine #3, 

the authors were provided the design loading 

scheme; however, the total charge weight used in 

the blast was approxiamtely 10% less than design, 

so charge weights may be around 90% of the 

actual charge weights on average. 

 

5 CONCLUSIONS AND FUTURE WORK 
 

This study shows that there are not commonly 

available equations for predicting surface vibration 

amplitudes produced by underground blasting. The 

commonly available equations estimated            

vibrations by up to and beyond four times the   

amplitudes predicted by the proposed upper-bound 

regression equation. 

     The vibrations presented in this paper are the 

beginning of a more detailed study that will        

include additional blasts from these three           

operations and blasts from other blasting           

operations. The authors intend to build a larger  

dataset to make a more statistically relevant upper-

bound regression model. 
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1 INTRODUCTION 

 

The survey on vibration monitoring standards 

connected to the use of explosives has received 

answers from most of the national associations of 

EFEE and other EFEE members which have      

enrolled national experts to answer the survey. The 

process has been a great first step in the work of 

the EFEE environmental committee. 

     The answers have led to a high-level of insight 

into some relevant differences and similarities of 

the use of standards for vibration monitoring         

connected to the use of explosives in Europe. The 

gained insight in the European standards has not 

least given the EFEE environmental committee a 

great set-off for conducting further work that will 

further examine the use of standards in the EFEE 

member nations. This is not only in Europe but   
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of explosives in Europe 
 
J.F. Gjødvad & M. Jern 
Business development manager at Sigicom AB and member of the EFEE board and Environmental committee, 

past president of EFEE and vice president in DFEE & Senior Consultant at Nitro Consult AB and Member of 

the EFEE board and chairman of the EFEE Environmental committee. 

 

 

 

 

 

 

 

 

 
ABSTRACT: This paper is part of the ongoing work of the Environmental committee of EFEE. To assist 

European experts working with explosives one of the aims is to improve the common knowledge of    

similarities and differences between national legislation, standards or guidelines on vibration monitoring 

and other environmental monitoring during blasting in Europe. This has been done by use of an online 

survey through most of 2018. Questions have been raised on vibration monitoring during blasting, and the 

existence of norms, guidelines or standards and how they are used. Even though the questions have been 

kept at a high level they are formed to try to map the different national standards use of such things as 

frequency, guidance on monitoring position, distinction between different types of structures,                

requirement to the equipment and more. Furthermore, a few initial questions have been raised on other 

environmental monitoring relevant for blasting. The respondents are national, corporate or individual 

members of EFEE. The respondents are experts in the use of explosives and vibration-monitoring in their 

respective countries. More than 60 have answered the questionnaire from 29 different countries. By      

analysing the incoming answers, the differences and similarities in European vibration monitoring will be 

clarified and mapped. Where possible other environmental monitoring has also been analysed. Where 

needed the different guidelines, standards and regulations have been visited to verify the answers and   

further elaborate on the comparison. 

 

 

 

 

 

 

 

 

 

Helsinki Conference Proceedings 2019, R. Holmberg et al 
© 2019 European Federation of Explosives Engineers, ISBN 978-0-9550290-6-6  



 

 

- 52 - 

also includes the respondents from outside of    

Europe. 

     Equally, it has given the initial input on other 

environmental disciplines connected to the use of 

explosives, which will be included in the future 

work of EFEE’s environmental committee. 

 
2 THE QUESTIONNAIRE 

 

Through most of 2018, EFEE members, or experts 

enrolled by the respective national member of 

EFEE, were given the chance to answer a       

questionnaire on environmental monitoring during 

blasting. 

     The questions were raised on vibration       

monitoring during blasting, the existence of 

norms, guidelines or standards and how they are 

used. Even though the questions were on a high 

level they tried to map the different national  

standards use of such things as frequency,      

guidance on monitoring position, distinction      

between different types of structures, requirement 

to the equipment and more. Furthermore, a few  

initial questions were given on other                  

environmental monitoring relevant for blasting. 

This paper describes the questions. The actual 

questions and follow-up questions can be seen in 

Figure 1. 

 

2.1 Is there a standard? 
 

Initially, the respondents are asked if their country 

makes use of a standard for blast vibration. Based 

on the answer the respondents are further asked to 

list the standard, or if there is no standard they are 

asked to elaborate on how the issue is then solved. 

The respondent is also asked to upload further    

information regarding the standard used in their 

country, if possible. 

     If the respondent states that there is a standard, 

‘yes’, they are asked additional questions on the 

use of the standard, as listed below. If the answer 

is ‘no’ they are asked how they then solve the     

issue and not asked any further on details of a 

standard but rather led to the questions on whether 

‘monitoring is mandatory’ and if they have any 

‘additional comments’. These two questions are 

elaborated further down. 

 

2.2 What about frequency? 
 

If the respondents have confirmed the existence of 

a standard in their country, they are asked how 

frequency is taken in to account e.g. higher Hz = 

higher ppv. If the answer was ‘no’ they are asked 

to elaborate on how they then deal with frequency. 

If they answer was ‘yes’ the respondent is asked if 

the standard allows higher limits on higher        

frequencies. 

     As the last question on frequency the             

respondent is asked about the use of filtering on 

the signal due to frequency. If the answer here is 

‘yes’ the respondent is asked to elaborate on the 

range of this filtering. 

 

2.3 Components for consideration and       

thresholds? 
 

Different standards use different ways to evaluate 

the ppv monitored during a blast. Therefor the    

respondent is asked which components are       

considered in the used standard. They are asked to 

select one or more components namely; vertical, 

transversal, longitudinal (radial), resultant or the 

largest component (ppv). 

     After the respondent have been elaborating on 

the components which are considered, the           

respondents are asked about thresholds.           

Specifically, if the thresholds are dependent on the 

structures which are being monitored, for instance 

- are the thresholds different for different        

structures. If the respondent answers ‘yes’ they are 

asked to elaborate and are given the chance to    

upload relevant files. 

 

2.4 Practical requirements to the monitoring 
 

The question is raised; if the used standard sets  

requirement to the monitoring equipment used for 

monitoring during blasting. Should the respondent 

answer ‘yes’ they are asked to elaborate and given 

the chance to upload relevant documentation. 

     Equally, the respondents are asked if the used 

standard has requirements to the way (procedure) 

the monitoring must be carried out during blasting, 

e.g. setting the sensor in a defined place, a     

basement or 1st floor, in direction of wall etc. or 

pre-monitoring of background level etc. Again, a 

‘yes’ gives the respondent a chance to elaborate 

and upload relevant documentation. 

 

2.5 Is monitoring mandatory during blasting? 
 

The respondent is asked if monitoring is         

mandatory during blasting work. This with       

variations from a clear ‘yes’ to ‘no’ or other. This 

question is raised independent of the respondent’s 

initial answer on; whether there is a standard used 

for blasting in the respective countries. As the    

final  question  on  vibration  monitoring;    all  the     
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Figure 1. Questionnaire diagram. 
 

respondents are given the option to come with    

additional comments on the subject. 

 

2.6 Additional questions on environmental    

monitoring 
 

When the questions on vibration during blasting is 

answered the respondent is given the chance to  

answer additional questions on environmental 

monitoring during blasting. The questions are only 

touched very briefly; where the respondent is 

asked to confirm if there exist standards on the  

different subjects followed by some follow-up 

questions. The additional questions are described 

as follows. 

2.7 Human exposure to blast 
 

The respondent is asked if the country has a   

standard for human exposure to blast induced    

vibrations. If the answer is ‘yes’ they are given the 

chance to elaborate. 

 

2.8 Air-blast 
 

The existence of a standard on air-blast (air-over-

pressure) control and limitation during blasting 

works in the respective countries is questioned. 

Again, the respondent is given the chance to   

elaborate if the answer is ‘yes’. If the respondent 

answers ‘no’ they are equally asked to elaborate 
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Figure 2a. Standards where higher frequency in 
some way results in a higher allowed value. 

 

Figure 2b. Standards where the allowed value 

are dependent on distance and underground. 

 

with the question, ‘how do you then control air-

blast effects?’ 

 

2.9 Noise control 
 

The respondent is asked about the existence of a 

standard for noise control during blasting. If the 

respondent answers ‘yes’ they are asked to further 

describe these requirements and limit values for 

noise control and finally given the chance to      

upload documentation. 

 

2.10   Dust control 
 

Control and limitation of dust during blasting 

through a standard, is also questioned. If the       

respondent confirms the existence of a standard 

they are asked to elaborate on requirements and 

limit values for dust control and finally given the 

chance to upload documentation. 

 

2.11   Other standards 
 

Finally, the respondent is asked if there are other 

environmental standards in the country. If the     

respondent confirms the existence of a standard 

they are asked to elaborate on requirements and 

limit values for these standards and finally given 

the chance to upload documentation. 

 

3 THE ANSWERS 
 

The text in this section is an attempt to discuss the 

answers from the questionnaire. Each question is 

quoted, discussed and commentated. 

     It should be noted that the amount of              

information from the different respondents varied 

a lot and it has not been possible to draw any   

conclusions for all questions. The answers are 

however enough to identify some general          

differences and trends in how these issues are 

treated in different countries. Equally the survey 

has given an insight in the respondents’ 

knowledge, use and experience with their           

respective standards. 

 

3.1 Use of standards 
 

Do you use one or more standards/guidelines for 

blast vibration control and limitation in your 

country? 
 

All respondents answer ‘yes’ on this question, 

however the way it works differs from country to 

country. Not all countries have a national       

standard, in some its regulations are from           

authorities and in some countries the praxis to use 

standards form other countries. See Table 1. 

 

3.2 Vibration and frequencies 
 

Does your vibration standard take frequencies   

into account (e.g. higher Hz = higher PPV)? 
 

Most of the standards use frequency in the    

standard, where a higher frequency gives a higher 

allowed vibration level. The exceptions are the 

Nordic countries and Estonia were distance and 

underground are used to decide the allowed        

vibration level and Austria and Iceland where the 

allowed vibration level is independent on other  

parameters (Figures 2a, 2b and 2c). 
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Table 1. Standards and regulations used in different countries. 

 

Country National standard National regulations Other countries 

standard 

Austria Austrian Standard S 

9020 - 2015  

    

Belgium     DIN4150 

Bulgaria     DIN 4150 

Czech Republic ČSN 730040     

Denmark     DIN 4150 except for 

hard (igneous) rock, 

then SS 460 4866 is 

used 

Estonia   National regulation   

Finland   Tärinänormit/ Finnish 

Vibration normes 

  

France   Decree of 22        

September 1994 

Circulaire du 

23/07/86 

  

Germany DIN 4150     

Greece   Greek Mining      

Regulation 

  

Hungary     DIN and some inner 

standards (ex.        

customer, authority) 

Ireland     British Standards 

Italy UNI 9916     (UNI 9916 refers to 

both DIN 4150 and 

BS 7385 ) 

Netherlands     DIN4150 

Norway NS8141, 2. edition, 

2001, NS8141-3, 

2014 

    

Poland PN-B-02170:2016     

Portugal NP 2074:2015     

Slovakia STN EN 1998-

1/NA/Z1   STN ISO 

4866 + Amd 1 + Amd  

Eurocode 8 

    

Spain UNE 22-381-93     

Sweden SS 4604866:2011      

United Kingdom BS 5228 ; BS 6472 ; 

BS 7385  
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Figure 2c. Allowed values are independent of 

other parameters. 
 

Table 2. Frequency ranges according to different 

European standards. 

Country Standard Frequency 

range 

Austria ÖNORM S 9020 2-250 Hz 

France Circulaire du 

23/07/86 

4-150 Hz 

Germany DIN 4150-3 1-315 Hz 

Italy UNI 9916-2004 1-300 Hz 

Norway NS 8141-1:2012 3-400 Hz 

Poland PN-B-

02170:2016 

1-100 hz 

Portugal NP-2074 3-80 Hz 

Schweiz SN 640 312a 5-150 Hz 

Spain UNE 22381:1993 2-200 Hz 

Sweden SS 460 48 66  5-300 Hz 

UK BS 7385-1:1990  1-300 Hz 
 

 
 

 

 

3.3 Filtering 
 

Does your standard require filtering of the signal 

due to frequency? 
 

This was a difficult question, mainly since it mixes 

two different issues where the first part is the 

bandwidth that you must measure over and the 

second is if the sensitivity is different at different 

frequencies. 

     Regarding bandwidth we can see that it differs 

significantly between different standards (see    

Table 2). Regarding the second issue no standard 

seems to have such filtering, even if the German 

DIN 4150-3 in its latest version offers such an   

option. 

 

3.4 Components in the standard 
 

Which components are considered in the used 

standard? 
 

According to the survey PCPV (Peak Component 

Particle Velocity) is the most common parameter 

to monitor, PCPV is defined as the maximum   

value of any of the 3 monitored directions.       

Portugal and Estonia use the VPPV (vector sum, 

Vector Peak Particle Velocity). In Sweden and 

Norway, only the vertical direction is monitored. 

Poland focuses only on the horizontal directions. 

 

3.5 Threshold values 
 

Are there different threshold values depending on 

the type of structure to be protected? 
 

All countries besides France answers ‘yes’ to this 

question, the way the threshold value is              

determined varies a bit though. In principle the 

Nordic standards decide threshold value from an 

equation where building type, building material 

etc. are included, while the standards that use   

frequency as a parameter divide buildings info  

different classes, typically: sensitive buildings, 

‘normal’ residential buildings and industrial   

buildings. This combined with a defined curve for 

each category in a vibration velocity-frequency  

diagram. 

 

3.6 Monitoring equipment 
 

Does/do your standard set requirements to the 

monitoring equipment, for monitoring during 

blasting? 
 

The answer ‘yes’ coincides to a large extent with 

countries that have their own national standard, 

See Figure 3. 

 

3.7 Monitoring process 
 

Does your standard have requirements regarding 

the way (procedure) the monitoring must be     

carried out during blasting? (setting the sensor in 

a defined place, as basement or 1st floor, in        

direction of wall etc. or pre-monitoring of      

background level etc.) 
 

Most countries have a requirement regarding 

where to monitor and most commonly the          

requirement is that the sensor should be places on 
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Figure 3. Are there requirements for            

monitoring? light grey: yes; dark grey: no;    
patterned: no answer. 

Table 3. requirements regarding where monitoring should be made. 
 

Country Position of Monitor 

Austria Basement 

France  Basement, parallel to the wall 

Hungary  Define direction at front of the building 

Ireland Placed at base of building facing the source of vibration. Refer to BS 7385-

2:1993 

Norway advice is position of sensor on the fundament or near the fundament at the    

position where vibrations come into the structure 

Poland In the assessment using the SWD scale, one should use vibrations of          

horizontal vibrations, i.e. in x and y directions recorded at the source point of 

vibrations, in a rigid structural node -–at the intersection of load-bearing walls 

in two     directions -–located on the foundation of the building or in a rigid 

node on the wall underground level in the ground level. 

Portugal Transducer must be fixed to the base of structure or foundation according ISO 

5348, max up to 0.5 m from the level of the ground 

Slovakia The sensors must be stored at the reference point on the foundations of the 

building. 

Spain On the ground, near to the structures 

Sweden Vibrations should be measured at a point where they enter a building or    

structure. The sensor should be attached to the load bearing part of the     

foundation. 
 
 

 
 

 

or in the building. In Hungary and Spain       

measurements should be done in the ground in the 

direction of the blast. Respondents from Belgium, 

Estonia and Netherlands reply that there are no  

requirements. Some examples can be seen in     

Table 3. 

3.8 Is monitoring mandatory? 
 

Is monitoring mandatory for any blasting work in 

your country? 
 

This was a question with 4 possible answers: 

1)Yes; always. 

2)Yes; depending on the situation. 

3)No; but monitoring is normally performed      

anyway. 

4)No; monitoring is seldom performed. 

Answers can be seen in Figure 4. 

 

3.9 Human exposure to blasting 
 

Do you have a standard for human exposure to 

blast induced vibrations in your country? 
 

Six counties answered yes to this question:      

Bulgaria, Germany, Greece, Italy, Slovakia, and 

UK. 

 

3.10 Air-blast standard 
 

Does your country have a standard for air-blast 

(air-over-pressure) control and limitation during 

blasting works in your country? 
 

Four countries answered yes to this question: 
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Figure 3. Are there requirements for            

monitoring? light grey: yes; dark grey: no;    
patterned: no answer. 

Figure 4. is monitoring of vibrations mandatory? 

 

Sweden, Czech Republic, Slovakia and Hungary. 
 

3.11 Noise control 
 

Do you have a standard for noise control and   

limitation during blasting in your country? 
 

Almost half of the respondents answered yes to 

this question, there is however a problem            

interpreting this question. It could be referred to 

include monitoring during the actual blast, or it 

could also include the surrounding activities. It’s 

consequently difficult to draw any conclusions 

from this question. 
 

3.12 Dust control 
 

Do you have a standard for dust control and     

limitation during blasting in your country? 
 

France, Estonia and Bulgaria answered ‘yes’ to 

this question. 
 

3.13 Environmental standards 
 

Do you have any other environmental standards in 

connection to blasting, in your country? 
 

Not enough answers. 

4 CONCLUSION AND DISCUSSION 
 

According to the respondents all the countries 

which answered have a national standard,         

regulations from authorities or make use of   

standards from other countries. Monitoring during 

blasting is only mandatory in one of the               

responding countries. However, several others  

preform monitoring even if it is not mandatory and 

a big group do vibration monitoring depending on 

the case. Few countries inform that monitoring is 

seldom preformed and some have just not       

bothered answering the question which could be a 

sign that vibration monitoring doesn’t have the 

biggest focus in these countries. 

     Most of the standards include frequency in the 

standard, where a higher frequency gives a higher 

allowed vibration level. The exceptions are the 

Nordic countries and Estonia were distance and 

underground are used to decide the allowed        

vibration level and Austria and Iceland where the 

allowed vibration level is independent of other   

parameters. 

     In most of the answering countries the        

maximum value of the three monitored directions 

are considered. In some countries there is a focus 

on only either vertical or horizontal direction and 
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finally two consider the vector sum. All the    

countries responding have answered that they have 

different values depending on the type of structure, 

which is being monitored, besides France. In some 

of these countries they include frequency and      

allow higher vibration velocity depending on the 

frequency. Countries that have a standard also 

seem to be the ones that have a requirement for 

monitoring equipment. Only Netherlands and    

Estonia have no requirement to the position of the 

monitoring equipment. The rest of the responding 

countries either place the equipment on the     

building or on the ground in the direction of the 

building. 

     On the question of other environmental    

standards during blasting, six countries informed 

that they have a standard for human exposure.  

Only four answered yes to having a standard on 

air-blast. Half answered that there is a standard for 

noise control. Only a few answered that they have 

a standard for dust control. 

 

4.1 Future work 
 

Both the conducted survey and this paper are part 

of the ongoing work of the Environmental     

committee of EFEE. To assist European experts 

working with explosives one of the aims is to    

improve the common knowledge of similarities 

and differences between national legislation, 

standards or guidelines on vibration monitoring 

and other environmental monitoring during    

blasting in Europe. 

     The conclusions on this paper are based on    

the answers to the questionnaire. However, there 

are other conclusions that cannot be answered   

fully with the present data. They can only be 

drawn following additional interviews with the             

respondents. The further work should also try to 

ensure that the ones that are actually users            

of the standard in a higher degree have the       

possibility to answer the survey questions.        

The future study should also include calculations 

of a few defined cases. The calculation should     

be done with the different standards, to               

see how the results differ and if there is a           

difference in the conclusions from the different 

standards. 

     Finally, there were a number of respondents 

from outside Europe, i.e. from Israel (2), Nigeria, 

Saudi Arabia ,USA (3), Greenland (2) and Hong 

Kong (2), which were not included in the present 

paper but should be included in an extended   

study to widen the scope outside of European  

Borders. 
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6 INTRODUCTION 

This paper describes a series of measurements 

made on a model structure to verify the validity of, 

and difficulties involved in, calculation of      

structural strains from measurement of velocity  

responses of buildings to blasting vibrations. 

These validation studies were prompted by two  

recent developments in blast vibration monitoring. 

Firstly, commercial seismographs are coming to 

market with an ability to wirelessly time            

coordinate measurements which simplifies    

measurement of structural strain with velocity 

transducers. Secondly, wired, time coordinated 

measurements of response of large urban        

structures to close-in, ultra-high frequency blast 

excitation (Dowding et al. 2016 and 2018) show 

non-homogeneous responses unlike responses of 

small residential structures, which are the basis of 

most blast vibration monitoring and control.      

Because of these non-homogeneous responses of 

these large urban structures, typical velocity     

controls may be overly conservative. See          

Appendix B in the full article for details of the  

difference between response of large urban and 

residential structures to ultra high-frequency      

excitation motions. 

     Because of space constraints, appendices      

referenced herein are not included but are      

available at: http://www.iti.northwestern.edu/acm 

/publications.html. 

     The model structure is a three-storey or three 

degree of freedom structure to allow validation 

with a complex structure that can respond in   
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Figure 1. Displacement calculation using baseline correction and 200 point central moving average filtering: (a) 

(top) velocity recording, (b) displacement after linear and second order polynomial baseline correction, (c) 200 
point central moving average filtering of the second order baseline correction displacement, (d) (bottom) final 

displacement that ends with zero displacement. 

higher frequency modes other than that of its   

fundamental or natural frequency. Concerns      

addressed in this study include: response of a   

multi degree of freedom structure to excitation 

with sinusoidal excitation motions at frequencies 

equal to frequencies of its higher modes of         

response as well as to a blast vibration with    

dominant frequencies much higher than the       

system’s fundamental or natural frequency. 

     Most importantly, an assessment is made of the 

ability of differential displacements from            

integrated velocity time histories to allow         

replication of the time history and amplitude of 

strains by comparison with directly measured 

strain time histories. This replication is crucial to 

the use of velocity response measurement as a 

blast vibration control tool. If strain can be        

calculated from differential displacement            

responses calculated from velocity time histories 

then building velocity response time histories can 

be employed as a control criteria. Use of            

differential displacements to calculate inter-storey 

shear forces is employed in earthquake              

engineering, and thus use of differential            

displacements to calculate strains follows from 

normal practice in structural dynamics. 

     The article begins with a detailed description of 

the procedure to calculate displacement and strain 

from velocity time histories. Model and system 

components are then introduced. Method for     

calibrating velocity transducers is defined. Strain 

gauges to directly measure bending strains are   

described. Time histories of model excitation and 

response are presented. Amplitudes of response 

are compared and discussed. Strains calculated 

from both an independent system and a          

commercial seismograph are compared. 

 

7 DETERMINATION OF STRAIN FROM 

INTER STOREY DRIFT OR 

DIFFERENTIAL DISPLACEMENT 

 

Strains in walls can be calculated from time      

correlated structural velocity response time       

histories through a multi-step process. First, the 

velocity responses are integrated to determine  

displacements. Determination of the displacement 

time histories requires correction of baseline       

irregularities. An example of the four steps in this 

correction process is shown in Figure 1 (Dowding 

et al. 2016). First, the velocity time history (a in 

the figure) is baseline corrected. Linear and second 
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Figure 2. Strain and deflected shape; (a) shearing; (b) bending (Dowding 1996). 

 

order polynomial baseline corrections were tested 

as shown in (b). As can be seen the polynomial 

correction did not return the displacement curve to 

zero at the end of motion. The displacement time 

history was returned to zero at the end of motion 

by subtracting the 200 point central-moving       

average (continuous line in) (c) to produce the  

displacement time history that oscillates about   

zero as shown in (d). 

     While a 200 centre point moving average was 

employed in the example, fewer points (50 to 100) 

will also allow displacement to come to zero after 

the excitation. The important criteria is that the 

time interval over which that average is made 

should include one to three periods of a mixed  

frequency pulse’s dominant frequency. 

     Strains are then calculated from differential 

structure displacements that are obtained through 

simple subtraction of time correlated structural 

displacement time histories. These differential  

displacements are then searched for the largest  

difference. This maximum differential               

displacement is transformed into strain as shown 

below. 

     Differential displacement, δmax, can be       

translated into shearing or tensile strains            

depending on its form. The simplest form of      

differential displacement is that of translation, 

shown in the elevation views in Figure 2      

(Dowding 1996). The shearing strain, γmax’ ‘in the 

plane of the wall’ is the angle change, and for 

small angles is: 

 

γmax = δmax/h                                                        (1) 

 

where h is the vertical distance between the two 

locations at which the response velocities were 

measured. 

     Translational bending strains, ‘perpendicular to 

the wall’ are also illustrated in Figure 2 and can be 
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Figure 3. Left, testing apparatus consisting of the model structure, input device (here the Shake Table II), and 

recording devices (velocity transducers recorded by voltage sensors), and strain gauges. Right, the deflected 
shape of the model during excitation at its fundamental mode, 1.88 Hz. 

 

estimated from beam theory as: 

 

εmax = σmax/E = (Mmax d)/EI                         (2) 
 

where M is the maximum moment, d is the        

distance from the neutral axis to the outer beam  

fibre (1/2 the wall’s thickness), E is Young’s  

modulus of elasticity, and I is the moment of      

inertia of the beam (a slice of the wall). In this 

case the beam comprises the entire wall, bricks, 

wall framing, and interior wall board.               

Furthermore, the maximum moment can be shown 

to be: 
 

Mmax = (δmax6EI)/h2 or (δmax3EI)/h2                      
(3) 

 

for the fixed-fixed or fixed-free restraint          

conditions, where h is the distance between    

measurement points. Therefore, the wall bending 

strains can be estimated by substituting the      

moment into the strain equation for fixed-fixed 

and fixed-free respectively: 

 

εmax = (δmax6d)/h2  or (δmax3d)/h2                        (4) 
 

Shearing strains are larger than the bending strains 

as shown by a typical example. A 10 Hz or       

single-storey residential structure would sustain a 

differential displacement of 0.254 mm if excited 

by a 7 delay quarry blast with a peak particle     

velocity of 25 mm/s. Thus, the shear strain would 

be: 

γmax= δmax/h = 0.0254 cm/300cm = 100 x 10-6 

cm/cm or 100 µ                                              (5) 
 

and the bending strain would be: 
 

εmax = (δmax 3 to 6 d)/h2 = (0.025 cm*3 to 6* 

10cm)/300cm2 = 13 to 26 µ                                (6) 

 

8 MODEL FOR VALIDATION OF 

CALCULATION OF INTER STOREY 

DRIFT 
 

As shown in Figure 3, the model consists of four 

main components: a model structure, a device to 

excite the model, and velocity transducers to    

capture the model’s motion, and strain gauges to 

directly measure strain. 

     This model allows direct measurement of the 

bending strain with strain gauges and thus         

validation of calculation of strain through      

measurement of differential displacement.         

Accordingly, the discussion will concentrate on 

bending strains even though they are the smallest 

of the two types of translational strain. The model 

structure features all metal construction with thin, 

flexible walls and thicker, relatively more massive 

floors. Approximately 21 cm separate each floor, 

and floors are 30 cm wide. With three floors above 

ground level, this model acts as a three degree of 

freedom system with three masses of the same 

weight at each floor. 
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Figure 4. Velocity transducer conversion chart is taken directly from the velocity transducer manufacturer (HS-
1). The encircled points represent conversion rates calculated at various excitation frequencies. 

     Using the optical method described below in 

the velocity transducer calibration process section, 

the first three excitation mode frequencies of the 

structural model were found to be 1.88, 5.43, and 

8.24 Hz (Diels 2018). Damping was measured  

during free response and was found to be slightly 

less than 2%. As seen in the photographs, the 

model has little to no shear resistance, and thus 

this unusually low damping seems reasonable. 

Most structures are damped approximately 5%. 

While the model continued to vibrate long after 

excitation, real structures do not because of their 

higher damping (Dowding 1996). 

     Excitation was provided by the Quanser Shake 

Table II, shown at the base of the model in Figure 

3 left. According to Quanser, this shake table is 

rated to drive a 7.5 kg load at 2.5 g and has a  

maximum displacement of ± 7.62 cm (Quanser 

2017), far above requirements necessary for this 

research. Power and feedback controllers, along 

with manufacturer provided control software,     

direct the shake table’s movements. This software 

provides amplitude and frequency control of      

excitation for either a sinusoidal time-

displacement function or a programmable blast  

vibration. For this configuration, the model was 

screwed to a wooden platform, which was 

clamped securely to the shake table. 

     Input excitation and structural response was 

captured with Geospace Technologies HS-1      

geophones (velocity transducers). These sensors 

produce an analog voltage proportional to their  

excitation velocity. Pasco voltage Analog to    

Digital (A/D) transform the transducer’s analog 

voltage signal and relayed it digitally to Pasco’s 

Capstone software to record digital voltage time 

histories. Voltage data were then converted to 

units of velocity after special calibration described 

in section 4. 
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9 VELOCITY TRANSDUCER 

CALIBRATION PROCESS 

 

Conversion from velocity transducer output    

voltage to units of velocity is dependent on the  

excitation frequency experienced by the         

transducer. The manufacturer provided conversion 

chart (Figure 4) displays nonlinear response below 

10 Hz as shown. Because the first three excitation 

modes of the structure (1.88, 5.43, and 8.24 Hz) 

occur below the flat response region, it was      

necessary to manually calibrate voltage-to-velocity 

conversion rates. These calibrated conversion rates 

are shown as the encircled data dots in Figure 4 for 

the first three excitation modes as well as 12 and 

15 Hz. 

     Velocity transducers were calibrated              

independently by visually measuring displacement 

as shown Figure 5 through a trial and recalculation 

process. First the structure’s modal frequencies 

were found by searching for maximum voltage 

during structural responses. No conversion factor 

was necessary since velocity varies directly with 

output voltage. When the top floor transducer’s 

output voltage amplitude reached a steady       

maximum, a video of the top floor moving relative 

to the ruler was recorded to visually measure    

displacement at the top floor. 

     Using Figure 4, an initial voltage-to-velocity 

conversion rate was selected to calculate velocity; 

time histories of which were subsequently           

integrated to calculate displacements. Amplitude 

of this displacement at steady-state was then   

compared to maximum displacement found from 

video analysis. The voltage-to-velocity conversion 

rate was adjusted until displacements integrated 

from velocities matched those from video analysis. 

 

10 ANALOG TO DIGITAL CONVERSION 

 

PASCO voltage sensors were used to capture and 

digitise velocity transducer output. These sensors 

were operated at a sample rate of 500 Hz, much 

greater than the highest excitation frequency of 30 

Hz. Thus at least 16 samples are obtained during 

the period of a 30 Hz blast vibration pulse. The  

error in peak capture is less than 5% for this study. 

 
11 STRAIN GAUGE INSTALLATION 

 

Rosette strain gauges from Micro Measurements 

were employed to measure column strain from   

Figure 5. A ruler positioned behind the top floor was employed to visually measure maximum displacement 
during excitation and calculate the velocity transducer conversion rate. 
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Figure 6. The first 1 second of all four excitation motions: Upper three at 1.88 Hz, 5.43 and 8.24 sinusoidal 

motions: Bottom, blast vibration. The shake table was programmed to produce motions with a maximum  

displacement of 0.03 cm to fit the limitations of the shake table and velocity transducers. The thick lines   
display more accurately the average velocities. The smooth displacement time histories are shown in         

Appendix C of the full report. 

 

inter storey drift or inter storey differential        

displacement. These gauges are securely adhered 

to the metal with resin after a thorough cleaning of 

the base metal. These rosette gauges are made up 

of three linear gauges arranged at 45 degrees to 

each other. Each rosette was placed approximately 

1.75 inches from the nearest point of column     

fixity; therefore, strains in these gauges are         

directly related to inter storey displacement by the 

same constant. See Appendix A in the                 

introduction. One of the gauges was placed at 2 

inches from the point of fixity at the base and 

therefore has a different constant relating strain 

and inter storey drift; this difference is accounted 

for in data analysis. 

     Principal strains may be calculated using strains 

from the three gauges in each rosette. Care was 

taken to place the rosettes aligned with the       

column, placing one linear gauge in parallel with 

the column. Strain from this linear gauge was then 

compared to calculated principle strain. Error     

between the two was less than 0.5%; therefore, it 

was deemed acceptable to monitor this one    

channel in each rosette, increasing the system’s 

monitoring capacity to eight gauges. 

 

12 MODEL PERTURBATION 

 

The model was perturbed sinusoidally at its three 

modal frequencies of 1.88, 5.43 and 8.24 Hz. It 

was also excited with a ~ 15 to 30 Hz dominant 

frequency motion that simulates a blast vibration 

time history. These excitation motions are shown 

in Figure 6. The shake table driving mechanism 

appears to be a stepping motor as shown by the 

constant time interval steps. 

     As can be seen in Figure 6, the shake table’s 

movement (in terms of velocity excitation) is not 

purely sinusoidal and takes a non-negligible 

amount of time and a number of pulses to reach 

steady-state. Input velocity is obviously not a 

clean sinusoidal function because of the stepping 

 

1.88 Hz 

 

5.43 Hz 

 

8.24 Hz 

 

Blast 
Vibration 
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Figure 7. Directly measured bending strains between the first-floor and the ground were 20, 22, 15, and 

11.6 x 10-6 mm/mm from top to bottom for PPV excitation of 4, 11, 15 and 32 mm/s within one second of 

excitation. 

motor actuation; however, a 60-point moving   

central average (equating to 0.24 seconds or at a 

recording rate of 500 samples per second on the 

1.88 Hz time history) illustrates the velocity is 

nearly sinusoidal on average. Other moving point 

averages are also shown by the thick lines in the 

figure. 

     Integration of the excitation velocity to        

displacement shows that the displacements are   

sinusoidal at the programmed frequencies (Diels 

2018). This consistent displacement response is  

also shown in the displacement time histories in 

Appendix C of the full report. Even though the 

shake table is unable to immediately produce a 

constant amplitude, maximum excitation velocities 

(PPV) reached 4, 11, and 15 mm/s for the three  

sinusoidal perturbations and 32 mm/s for the  

blasting vibration within the first one second of 

excitation. One second of excitation was chosen as 

the comparative measure since the blasting         

vibration excitation motion was some 0.75       

seconds long. 

     These sinusoidal model motions were also  

produced in another earlier experiment with a       

rotating cam device that was operable at varying 

frequencies (Diels 2018). Rotating cam         

measurements of model velocity response verify 

observations of excitation and model response   

reported in this article at the three modal           

frequencies, 1.88, 5.43 and 8.24 Hz. 
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Table 1. Comparison of bending strain responses calculated from inter storey drift with that measured 

by strain gauges. 

 

13 OUT OF THE PLANE OF THE WALL 

BENDING STRAINS 

 

Model bending strain response between the first-

floor, L1, and the ground excitation, G, during the 

first one second of perturbation is shown in Figure 

7. Bending strains were the principal focus of this 

study because they can be measured directly with 

strain gauges. Since there are no shear walls in this 

model, shear strain cannot be directly measured. 

     Despite the increasing peak particle velocity 

(PPV) of excitation, model response declined with 

PPV because the exaction occurred at frequencies 

much higher than the model’s fundamental or  

natural frequency of 1.88 Hz. The maximum      

directly measured bending strain responses        

between L1 and G as measured by the strain  

gauges were 20, 22, 15 for the three sinusoidal  

excitation frequencies, and 11.6 x 10-6 mm/mm for 

the blast vibration with excitation PPVs of 4, 11, 

15 and 32 mm/s respectively. The strain in the 

ground floor wall was the (or nearly the) largest no 

matter the form of excitation as can be seen in  

Table 1. 

     Because use of the standalone Geospace   

transducers involves a single conversion factor for 

motion they are best employed in the excitation 

frequency range where their response is linear. 

Thus, for each of the sinusoidal excitations (1.88, 

5.43 & 8.24 Hz) the different, specific conversion 

factors of 0.04, 0.08, and 0.65 V/in./sec. were  

employed. A conversion factor of 0.65 V/in./sec. 

was employed for use with the blast vibration    

excitation as it appeared that this factor would be 

constant and appropriate for frequencies between 

10 and 30 Hz. 
 

     Figure 7 compares time histories of excitation, 

response displacements and strains at the different 

levels in the structure for excitation by the 15 to 30 

Hz dominant frequency blasting vibration. Of   

particular importance is the comparison of     

bending strains calculated through inter storey 

drift and direct measurement. The procedure for 

calculation of strain from inter storey differential 

displacement or drift has been described above. As 

can be seen in the figure the form of the strain time 

histories from inter storey drift and direct strain 

measurement is eerily similar. 

     There are many reasons for the differences in 

the maximum strains. They include the 4-step 

baseline correction procedure, type of transducer, 

transducer response characteristics, single        

conversion factor with the Geospace transducer 

system, exact location of the strain gauge, etc. 

Sensitivity of the calculated bending strains to 

changes in the conversion factors, number of 

points employed in the moving average, and     

precise location of the strain gauges will be       

discussed in the sensitivity section. 

     Comparison of time histories in Figures 8 & 9 

shows high correlation of time history form. The 

amplitudes are the maximum values during the 

first second of excitation because the blast          

vibration time history lasts less than one second. 

Thus, energy fed into the system was limited to 

that during the first one second of perturbation no 

matter the frequency of excitation. 

velocity 

transducers strain gages

% 

difference commercial

strain 

gages % difference

L1-G 24 20 20% Blast Vibration L1-G 7.9 10.6 -25%

L2-L1 12 13 -8% L2-L1 7.6 9.2 -17%

ppv = 4 mm/s L3-L2 14 7 100% L3-L2 8.2 9.6 -15%

Mode 2 L1-G 24 22 9%

5.43 Hz L2-L1 17 16 6%

ppv = 11 mm/s L3-L2 25 23 9%

Mode 3 L1-G 10 13 -23%

8.24 Hz L2-L1 13 15 -13%

ppv = 15 mm/s L3-L2 11 15 -27%

Blast Vibration L1-G 6.6 11.6 -43%

L2-L1 3.8 8.4 -55%

L3-L2 6.5 9.5 -32%

max ppv                         

= 32 mm/s

max ppv                       

= 32 mm/s

conversion 

factor 

(V/in/s)

0.40

0.65

0.65

____Strain (10-6)____   

Velocity Transducers

________Bending Strain________

0.08

Bending Strain

____Strain (10-6)____   

Commercial Seismograph

Mode 1                     

1.88 Hz
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Figure 8 Comparison of time histories of model response featuring the comparison of strains, calculated 

from inter storey differential displacement as measured with the commercial seismograph and that directly 

measured, at the various inter floor locations: L1-G, L2-L1 and L3-L. 

14 COMPARISON WITH MEASUREMENT  

BY COMMERCIAL SEISMOGRAPH 

 

Calculation of strain from inter storey drift    

measured with velocity transducers was also   

conducted with a commercial seismograph.  

Commercial seismographs offer an advantage    

because they automatically compensate for the   

effects of variable physical transducer response 

with declining frequency. While the form and 

magnitude of the compensation will vary by    

manufacturer, they all offer such compensation. 

     Figure 9 compares the inter storey strains as 

calculated with the commercial seismograph and 

those directly measured. Responses for L1-G and 

L2-L1 are shown because L1-G deformation tends 

to produce the largest strain, which has also been 

observed in real structures (Dowding et al. 2016). 

L2-L1 strains from the commercial seismograph 

are much closer to those directly measured than 

were those measured with the Geospace single 

conversion constant (velocity transducers). As 

shown in Figure 9, the time history form is quite 

similar for calculated and directly measured 

strains. As shown in Table 1, use of commercial 

seismographs allowed calculation of bending 

strain peak amplitudes within 15 to 25 % of those 

directly measured. 

 

15 IN THE PLANE OF THE WALL SHEAR  

STRAIN 

 

Since in-plane shear strains are larger than out-of-

plane bending strains, it is important to discuss 

their calculation. Since form and amplitude of 

structural bending strains has been shown to be 

calculable from differential displacement there is 

no reason not to believe that shear strain can also 
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Figure 9. Comparison of strain time histories for wall between floors shows remarkable similarity of       
detailed form. Commercial seismograph is better able to reproduce strain time histories than the single 
conversion factor transducers (velocity transducers). 

be calculated from differential displacements for 

models and real structures. Since the calculation 

relies upon the same maximum differential       

displacements, δmax, calculation is relatively    

simple: 

γmax = δmax/h                                                       (1) 

 

where h is the vertical distance between the two 

locations at which the response velocities were 

measured. 
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Table 2. Sensitivity of L1-G bending strains to changes in procedure and parameters with velocity 

transducers. 

     Even though there is no shear wall on which to 

measure shear strains, shear stress is still induced 

between floors, which is resisted by the thin walls 

of the model which are bent out-of-plane by these 

shear stresses. 

 

16 SENSITIVITY OF CALCULATED        

BENDING STRAINS 

 

Given the success of calculating bending strain 

from velocity response, it is important to know the 

sensitivity to these calculations from changes in  

either the procedure or parameters employed.   

Accordingly, an investigation was conducted on 

effects of changes in several key processes and  

parameters on the differential displacement based, 

calculated blast vibration induced bending strains 

between the first floor and the ground (L1-G).   

Results are summarised in Table 2. Directly  

measured blast vibration strains are compared for 

changes in positions of the strain gauges that    

vary by 0.5 mm and 1.0 mm from that employed 

in the main study. Strains from the velocity       

transducers are compared for number of data 

points for     baseline correction of 50, 60 and 200. 

No such correction was applied with the        

commercial seismograph as the software          

provided performed this procedure automatically. 

Finally, strains using single conversion factors   

for Geospace transducers from specific calibration 

and that of the manufacturer are compared       

with those provided by the commercial           

seismograph. 

17 CONCLUSIONS 

 

The model behaves in the expected theoretical 

fashion, where excitation at the same peak        

particle velocity but with frequencies higher than 

the fundamental frequency produce lower           

response both in terms of inter storey drift and 

strain. 

     For equivalent excitation times, excitation at 

frequencies higher than the fundamental does not 

produce directly measured strains larger than at the 

fundamental for the same peak particle               

velocity even when the structure is not a single  

degree of freedom system. Sinusoidal excitation at 

the second and third modal frequencies of a three 

degree of freedom system produced strains only 

15% greater even when excited with peak particle 

velocities 2 to 3 times larger. 

     Excitation with blast vibration characteristics 

(15 to 30 Hz dominant frequency) produced    

maximum directly measured strains that were only 

some 60% of those produced by an equivalent one 

second of excitation at the fundamental frequency 

(1.88 Hz) despite excitation with peak particle   

velocities that were some 8 times those at the   

fundamental frequency. 

     Greatest change in motions tends to occur     

between the ground excitation and the first-floor 

response, which is also seen in the response of real 

structures. 

     Strains can be calculated with inter storey drift 

or differential displacement from velocity      

measurements within limits. 

Blast Vibration, L1-G max strain in 1 second

ε (10
-6

)
% difference 

from baseline

+/- 0.5 mm +/- 0.87%

+/- 1.0 mm +/- 1.7 %

50 pts 7.1 8%

6.6

200 pts 6.7 1.5%

7.1

8.4 18%

6.6 -7%
experimentally calibrated 

(0.65 V/in/sec)

(baseline) 60  pts

Factor Influencing Strain Calculation

Velocity Transducers

velocity transducer 

conversion factor

# moving average points 

for baseline correction

strain gage placement

commercial seismograph 

(baseline)

manufacturer calibrated (0.51 

V/in/sec)
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     The form of the strain time histories calculated 

from inter storey drift is similar and almost the 

same as that from direct measurement. 

     Increasing the agreement of calculated and    

directly measured strains above that reported  

herein requires more work on transducer selection, 

transducer placement, and baseline correction  

processes. 
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